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 Unconventional natural gas extraction from the Marcellus Shale requires millions 
of gallons of water to fracture shale and release natural gas from the formation. This 
process produces water with high levels of total dissolved solids (TDS); and, efforts to 
recycle these fluids has stimulated microbial growth in produced water. The objective of 
this study was to analyze the ionic composition of and characterize microorganisms from 
Marcellus produced water samples.  A semi-synthetic culture medium was designed with 
high TDS to enrich for halophilic microbes, which yielded robust cultures that were able 
to grow over a wide range of salinities. DNA extracted from aerobic cultures was used 
for 16s rDNA clone libraries and Automated Ribosomal Intergenic Spacer Analysis 
(ARISA). ARISA and 16S gene sequencing revealed differences in bacterial composition 
  v
between Marcellus and freshwater samples.  Sequencing of 16S gene indicated the 
presence of  Halomonas, Thalassospira and other genera related to halophilic and 
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Chapter 1 Background 
1.1  Introduction 
 Where are all the bacteria coming from?  This is a important question surrounding 
shale gas exploration.  A wide array of microorganisms have been found associated with 
production water from natural gas and oil exploration.  In the Marcellus Shale, a 
Devonian age sedimentary rock formation and shale gas play, production water contains 
high concentrations of total dissolved solids. Within this production water, 
microorganisms capable of growth at high salinity, known as halophiles, are naturally 
selected for growth.  From an industry standpoint, microorganisms pose productivity 
issues by causing well biofouling and corrosion.  Thus, understanding the microbial 
populations that exist in flowback can help industry develop effective management 
strategies.  From an ecological perspective, the origin of microbial communities in 
production water could provide insight into geomicrobiology of the Marcellus Shale.  
Production water microbes could originate from several sources, including the sources 
used for fluid preparation, drilling muds used to cool the drill bit, soil and sedimentary 
formations from drill cuttings, and the native formation where extraction is occurring.   
However, the idea that indigenous microbial communities could exist within a deep 
geological formation, like the Marcellus Shale, is a challenging notion.   
 Deep subsurface microbial communities are thought to survive on organic matter 
deposited within the formation or organic matter that has migrated along flow paths 
(Krumholz et al, 2000).  However, this research has focused on highly permeable or 
recently deposited formations.  As a deep, tight formation, the Marcellus Shale does not 
fit into either of these categories. To explore the possibility that microbial communities 
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associated with hydraulic fracturing flowback water could be native to the formation, one 
must look at the microbial content of flowback water, geological constraints on life, 
microbiology of other shale formations, and the geology of the Marcellus.  Knowledge of 
the unconventional natural gas process and geochemistry of fracturing fluids is key to 
understanding the proliferation of microbial communities in produced water. 
1.2  Unconventional Shale Gas 
Shale plays contain large quantities of natural gas trapped within the tight, low 
permeable rock formations.  In the United States, there are several shale plays with 
similar geological properties.  Due to increasing energy demands, there has been 
burgeoning interest in the extraction of these resources (Kargo et. al, 2010).  The 
Marcellus Shale is thought to contain massive quantities of thermogenic natural gas 
(Geologists, 2011).  The shale underlies most of Pennsylvania, West Virginia, and parts 
of New York, Ohio and Maryland. It contains an estimated 489 trillion cubic feet (Tcf) of 
natural gas(Kargo et al, 2010).  In 2002, the USGS estimated that the mean technically 
recoverable amount of natural gas was 1.9 Tcf.  This number was recently revised in 
2011 to 84 Tcf technically recoverable gas due to advances in drilling technology 
(Geologists, 2011) 
Unconventional gas reserves have been largely untapped due to the low 
permeability of the shale. The tight shale inhibits the gas from migrating to more 
permeable reservoir rocks (Kargo et al., 2010).  With the advent of directional drilling 
and hydraulic fracturing technologies, Marcellus Shale gas extraction has become a 
feasible endeavor (Soeder and Kappel, 2009).  Horizontal drilling allows drilling 
operators to gain access to a larger area of shale gas by turning the drill bit horizontally 
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and drilling parallel to the shale formation (Figure 1.1).  A horizontal path exposes the 
well to more area of the shale formation. To extract the natural gas from fine grained rock 
pores within the shale, a perforating gun is fired inside the horizontal section of the 
formation to create small fissures in the shale formation, and then the formation is 
hydraulically fractured (Geologists, 2011).  Hydraulic fracturing is the process by which 
millions of gallons of water, propant, biocide and a proprietary blend of chemicals are 
pumped into the desired formation at extremely high pressures. In hydraulic fracturing, 
water under high pressure further fractures the compact rock formation, which allows 
sand and other propants to prop open the fractured pore spaces (Soeder and Kappel, 
2009).  Fracturing the tight formation allows trapped natural gas to easily migrate to the 
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and flowback water samples from across Pennsylvania to determine a range of 
concentrations found in produced water (Table 1.1).  Their data show that the level of 
TDS greatly increases during the hydraulic fracturing process.  The specific conductivity 
of Marcellus frac water raises two orders of magnitude after high pressure exposure to the 
shale formation(Cardinale et al., 2004).  Chloride, bromide, calcium and sodium 
contribute the most to the ionic composition (PalmertonGroup, 2010).  Unlike coal mine 
discharges, sulfate concentrations are typically very low in Marcellus produced waters.   
Blauch et al. 2009 analyzed flowback water from several Marcellus Wells in 2009.  
Looking at their data for a southwest PA well (Table 1.1), their ionic compositions fall 
within in the range of the major ions ranges also found by the Palmerton Group.  Again, 
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362 -34,600 8,740 - 570,000 NA 
pH  5.2-7.8 5.5 -7.8 6.0 
Alkalinity mg/L 126 37 -577 880 
Sulfate mg/L ND - 2,920 3.1 - 348 24 
TDS mg/L 221-27,800 5,090 -264,000 NA 
Bromide mg/L ND - 107 35.5 -1,600 NA 
Chloride mg/L 30.7 - 3,560 2,460 - 181,000 60,925 
Barium ug/L 0.075 - 9.81 0.243 - 5150 87,000 
Calcium mg/L 9.9 -329 11.6 -16,4000 8,360 
Iron ug/L 0.137 - 14.3 0.192 - 242 70 (mg/L) 
Magnesium mg/L 1.36 - 235 1.84 -1,380 524 
Potassium mg/L ND - 0.0574 0.177 - 2,820 1,288 
Strontium mg/L 0.206 -439 9.58 - 5,410 1,441 
Sodium mg/L 25.7 - 6,190 0.58 - 64,900 30,503 
     
Metals:     
Arsenic ug/L ND - 0.111 0.112 -14  
Lead ug/L ND - 0.111 0.003 - 0.596  
Lithium ug/L ND - 14.9 0.0338 - 201  
Silver ug/L ND - 0.125 0.0007 - 0.123  
Selenium ug/L ND - 0.0353 ND -0.0956  
Chromium ug/L ND - 0.050 0.0075 - 0.359  
Zinc ug/L 0.0348 - 
0.0457 
0.0257 - 2.93  
Table 1.1: Produced Water Analyses for Marcellus Shale Play 
ND - not detected ; NA - not available 
1.3  Marcellus Shale - Marine Black Shale Deposition and Geology 
 The ionic composition of Marcellus flowback water (Table 1) represents the 
depositional settings that formed the Devonian black shales of the Appalachian basin 
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(Blauch et al., 2009).  High TDS produced water also resembles the composition of many 
saline lakes, like Great Salt  Lake and the Dead Sea (Blauch et al., 2009).   These black 
shales were formed from fluctuating sea levels and basin changes that created deep to 
shallow evaporate conditions (Lash and Engelder, 2009).  However, the Marcellus Shale 
did not deposit under true evaporate conditions.  It is thought that the Marcellus deposited 
in a deep inland seas basin under anoxic conditions, when reflux of sea water was limited 
(Blauch et al., 2009).  The hypersaline, euxinic conditions preserve allochthonous organic 
compounds as the suspended solids deposit.  Thus, the Marcellus is organic rich shale 
with concentrated ionic composition.  
This depositional pattern is similar to that seen in modern marine shale depositional 
settings.  Modern marine black shales have characteristically high organic matter due to 
excess organic inputs from allochthonous or autochthounous primary productivity during 
deposition (Riding and Awramik, 2000).  Typically, teratogenous inputs of nutrients 
cause the bloom of phytoplankton, which produces a eutrophication event (Riding and 
Awramik, 2000).  These eutrophic events decrease the rate of organic matter 
consumption by microorganisms, leaving an excess of organic carbon (Riding and 
Awramik, 2000).  Rapid oxygen depletion in the benthic environment occurs when there 
is a density stratification in the water column and no mixing between surface and bottom 
water (Sagemann et al, 2003).  In the Marcellus Shale, phytoplankton were the primary 
productivity source of organic matter.  With the presence of anoxic benthic zones and 
high organic matter, many marine shale systems will have a variety of microbial 
biochemical processes occurring throughout the water column .  
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 The anoxic zone is the area where black shale forms from excess organic matter. 
In the anoxic benthic zone several types of bacteria will metabolize the excess deposited 
organic matter (Riding & Awramik, 2000).   Below the redox boundary on the water 
column, anaerobic heterotrophic bacteria will dominate organic degradation.  These 
bacteria will be facultative or obligate anaerobes capable of growth on the organic carbon 
present.  Anaerobic respiration will occur through the reduction of inorganic compounds, 
such as sulfate, nitrate, bicarbonate or carbon dioxide (Riding and Awramik, 2000).   
 In many marine depositional systems, sulfate reduction and fermentation will 
dominate in the extremely nutrient poor areas.  Common sulfate reducing bacteria (SRB) 
in these areas include Desulfovibrio, Desulfobacter, Desulfomonas, and 
Desulfotomaculum. In consortium with iron reducing bacteria, the SRB are responsible 
for pyrite formation in shales (Riding and Awramik, 2000).  Other mesophilic and 
thermophilic bacteria can degrade the organic carbon through fermentation.  This 
fermentative growth produces degraded organic compounds that SRB can utilize (Dong 
and Yu, 2007).  Bicarbonate and CO2 within the anoxic zone will be utilized by 
methanogens that can reduce the compounds to methane (CH4).  Many bacteria and 
archaea species have been shown to grow at depth in anoxic, organic rich zones.  Some 
methanogenic species include Methanobacterium, Methanococcus and Methanopyrales 
(Riding & Awramik, 2000).   
 The presence of many bacterial species at the time of shale deposition is evident 
from modern marine studies.  Whether these bacteria could survive over millions of years 
in the Marcellus Shale is the critical question here.  Several studies have analyzed the 
bacterial composition of produced water in the Barnett Shale, an unconventional shale 
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gas play in Texas, and the Marcellus Shale.  These studies were done from a industry 
contamination standpoint to determine the source of bacterial contamination, but they 
provide an understanding of the types of bacterial communities associated with flowback 
water. 
1.4  Microbiology of Produced Water 
The high TDS produced water of the Barnett and Marcellus Shale gas extraction 
plays an important role in the microbial content of shale gas produced water.  The 
combination of salts, organic matter and metals dissolved from the shale plus the organic 
polymers added to frac fluid creates an excellent solution to promote halophile microbial 
growth (Struchtemeyer and Elshahed, 2011).  Microbial growth in production water can 
lead to a number of problems in oil and gas fields, including corrosion (Moore, 2010).  If 
frac fluid is not properly treated with biocides, microbial communities can become 
established down the well within the formation.  As frac fluid flows back to the surface, 
these bacterial laden waters transfer to the separator, water tanks, flow lines and other 
equipment (Fichter, 2008).   Even though the Marcellus Shale is a thermogenic gas play, 
biogenic sulfide production, biofilm plugging, iron sulfide production and microbial 
corrosion occur throughout the extraction process (Struchtemeyer and Elshahed, 2011).  
Without further analysis, the negative microbial impacts on the drilling process show that 
microbial growth easily occurs in produced water.   
Down-hole bacterial contamination can come from several sources throughout the 
extraction process.  Microorganisms can exist in the water used to prepare fracturing fluid 
(Fichter, 2008).  However, given the salinity of produced water, many natural aquatic 
microbiota would not be able to survive in the hypersaline conditions of flowback water. 
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These bacteria would also have to survive the direct addition of biocides before the 
fracturing process.  Microorganisms could also be introduced to the formation via the 
drilling mud used to cool and lubricate the drill bit (Struchtemeyer et al., 2011).  Drilling 
mud serves as a sulfate and carbon source that may not be present in the formation.  
While drilling mud is a probable source of sulfate reducing bacteria (SRB), other 
microbial community members found in natural gas production water may be indigenous 
to the shale gas or surrounding formations.  Theoretically, the input of organic rich 
fracturing fluid would stimulate native microbial growth in the formation.  The current 
temperature of the Marcellus Shale ranges from 35-51⁰C (120-150⁰F) (Kargo et al., 
2010; Struchtemeyer and Elshahed, 2011), which could easily support microbial 
communities.  Microbial community growth has been found in produced water from the 
Barnett Shale, which ranges in temperature from 65-82⁰ C (Struchtemeryer and Elshahed, 
2011).    
Microbial community analysis was completed on several produced water samples 
from the Barnett Shale, which compared microbial populations of fracturing fluid and 
flowback fluid (Struchtemeyer and Elshahed, 2011).  Their results reveal a diverse 
microbial community in flowback water.  Before the fracturing process, the frac pond 
water samples contained microbial communities associated with aerobic freshwater 
ecosystems.  After the fracturing process, microbial diversity of flowback water differed 
significantly from the diversity in pre-fracture frac pond water.  This suggests that 
microbiota in the frac water do not survive the fracturing process and that some 
microbiota may originate from the formation, drill cuttings or drilling mud.  Additionally, 
it’s clear that  several factors selected for microbial growth in the formation 
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(Struchtemeyer and Elshahed, 2011).  Temperature, salinity, oxygen, biocide treatment 
and fluid constituents are just a few factors that could impact the microbial diversity 
found in production water.  Overall, Structemeyer et al. found that more facultative and 
obligate anaerobes were found in flowback water than the pre-frac pond water.  The 
microbial communities consisted of mostly Firmicutes and Gammaproteobacteria 
(Struchtemeyer and Elshahed, 2011).  The majority of Firmicutes consisted of the 
families Bacillaceae, Paenibacillaceae, Clostridiaceae, Lachnospiraceae, 
Peptococaceae, and Halanaerobiaceae.  The majority of Gammaproteobacteria consisted 
of genera Pseudomonas and Marinobacter.   
Additionally, they found an increased number of spore formers, thermophiles, and 
halophiles in flowback water versus frac pond water (Struchtemeyer and Elshahed, 
2011).  Spore forming bacteria would be more resistant to biocide treatment.   Halophilic 
bacteria of the genus Marinobacter and Dethiosulfovibrio were found in flowback water 
but not in the associated frac pond water.  Other bacteria associated with the genus  
Halobacillus were also found (Struchtemeyer and Elshahed, 2011).  Halophilic bacteria 
would be expected due to the salinity measured in flowback water.  Thermophilic 
bacteria could be introduced from the drilling mud. (Struchtemeyer and Elshahed, 2011). 
Struchtemeyer et al 2011 analyzed the microbial communities of several drilling mud 
formulations; and, their results revealed the presence of more facultative aerobes 
associated with thermophile bacterial lineages (Struchtemeyer et al., 2011).  Sulfate-
reducing bacteria (SRB) were also stimulated, since drilling mud often has barite and 
sulfonates present.   SRB lineages included Desulfotomaculum, Desulfovibrio, 
Desulfomicrobium, Desulfobacterium and Thermodesulfobacterium (Struchtemeyer et al., 
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2011).  Overall, their results show that drilling mud can serve as a carbon source and an 
electron acceptor (sulfate and thiosulfate), which can enrich for thermophillic and sulfate 
reducing bacteria within the formation.  Thus, SRB microorganisms introduced to the 
formation could be retrieved and mistaken for members of the native formation microbial 
community.   
Microbial research in the Barnett Shale provides insight into the potential 
microbial communities found in Marcellus Shale flowback water.  Currently, in the 
Marcellus Shale, there is limited research on the microbial communities found in 
produced water.  To date, there is only one published study, which provides a preliminary 
assessment of microbial communities from Marcellus Shale flowback water (Mohan, 
2011).  This study reveals general phylum-level and some genus-level community 
composition of impoundment water.  Results indicate a prevalence of 
Alphaproteobacteria, Gammaproteobacteria, Clostridia and Archaea (Mohan, 2011).  
Within Gammaproteobacteria, members of the genus Marinobacter were most prevalent, 
which are known hydrocarbon degraders.  In the Alphaproteobacteria, members of the 
genus Roseovarius were found, which are aerobic bacteria associated with crude oil 
degradation (Mohan, 2011).   Clostridia of the genus Halanaerobium and Fusibacter 
were also found.  Archaea were also detected, which had similarity to the class 
Methanomicrobia, Methanoplanus, Methanolobus, Methanocalculus and unclassified 
Methanosarcinaceae (Mohan, 2011).   
1.5 Halophilic Microorganisms 
Both microbial studies in the Barnett and Marcellus Shales show that there are a 
plethora of microorganisms that can survive in high TDS produced water.   Halophilic 
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microorganism, including Archaea and Bacteria, are adapted to survive at a range of salt 
concentrations.  Most hypersaline environments originated from the evaporation of 
seawater (Oren, 2002a).  Hypersaline environments are saturated with sodium and 
chloride with a pH close to neutral, which is similar to conditions found in flowback 
water.  These ion saturated environments also have elevated levels of potassium, calcium, 
magnesium and other metal cations (Oren, 2002a).  Halophiles require hypersaline 
conditions for growth; whereas, most nonhalophilic microorganism must grow below 0.2 
M (1.16%) NaCl (Le Borgne et al., 2008).  Based on salinity requirements, halotolerant 
and halophile microorganisms can be broken into three goups: slight, moderate and 
extreme halophiles (Le Borgne et al., 2008). Slight halophiles grow optimally from 2-5% 
NaCl.  Moderate halophiles grow from 5-20 % NaCl. Extreme halophiles grow optimally 
at 20-30 % NaCl (LeBorgne et al., 2008).  Typically, as salt concentrations increase in 
water, microbial diversity tends to decrease (Oren, 2002a).     
This broad classification of halophiles includes all three domains of life: Archaea, 
Bacteria, and Eukarya (Oren, 2002b).  Archaea comprise most of the extreme halophiles, 
with the order Halobacteriales being the most predominant.  Many methanogenic 
members of Euryarcheota of Archaea are also halophilic and able to produce methane at 
salt concentrations close to saturation (Oren, 2002a).  The Eukarya domain has only a 
few halophilic organisms, which include Dunaliella, a green alga, that is considered 
halotolerant.  The domain Bacteria has many halophilic members covering a broad array 
of phylogenetic groups, including all branches of proteobacteria, cyanobacteria, 
Flavobacterium-Cytophaga branch, the Spirochetes, and the Actinomycetes (Oren, 
2002a).  There are even halophilic lineages within the gram-positive firmicutes with a 
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halophilic order Halanaerobiales in the Clostrium class (Oren, 2002a).  Most bacterial 
halophiles fall into the moderate halophile classification (Ventosa et al., 1998) .  
Additionally, moderate halophiles cover a wide array of phyla, and can be gram-negative 
or  positive and aerobic or facultative anaerobic bacteria (Ventosa et al., 1998).   
Halophilic archaea and bacteria have developed osmotic adaptations that allow 
them to tolerate high salinity.  These adaptations help them withstand the osmotic 
pressure exerted by the hypersaline medium surrounding them (Oren, 2002a).  All 
halophiles must keep their cytoplasm hyper – or iso-osmotic to the surrounding 
environment.  In both archaea and bacteria, sodium ions are excluded from the cytoplasm 
via Na+ /H + antiporters (Le Borgne et al., 2008).  This is due to the harmful nature of 
increased sodium ions.    After removing sodium ions, halophilic microorganisms must 
still maintain isosmotic conditions in the cytoplasm.  
There are two separate mechanisms to maintain high internal osmotic pressure. 
The first is known as the ‘salt-in’ mechanism, whereby halophilic organisms accumulate 
K+ and Cl- ions in their cytoplasm to maintain osmotic balance.  While all halophilic 
archaea utilize the salt-in mechanism, the only bacterial order that uses this strategy is 
Halanaerobiales (Oren, 2002a).  Under the salt-in strategy, the cellular structure has 
adapted to operate under hypersaline conditions (Oren, 2002a).  The other mechanism of 
osmoadaptation is the accumulation of organic osmotic solutes and exclusion of salts in 
the cytoplasm (Le Borgne et al., 2008; Oren, 2002a).  Halophilic bacteria that use the 
‘compatible solutes’ strategy must synthesize and accumulate uncharged, soluble organic 
solutes to provide osmotic balance (Le Borgne et al., 2008). They can generate a wide 
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variety of compatible solutes, including glycerol, sugar alcohols, simple sugars,  amino 
acids, and derivatives like glycine betaine and ectoine.   
  Many industries, like unconventional natural gas extraction, produce hypersaline 
waste effluents.  However, traditional wastewater treatment plants have difficulties 
treating high salinity wastewater (Le Borgne et al., 2008), since, conventional treatment 
microbes cannot operate efficiently at salinities above seawater (~3.5% w/v TDS) (Oren, 
2002a).  Exploring the microbial communities present in produced water and their 
metabolic capabilities could reveal potential bioremediation applications, such as the 
biodegradation of hydrocarbons added to the frac fluid.  As mentioned earlier, many 
BTEX (benzene, toluene, ethylene, and xylene) compounds, glycols, and other organic 
hydrocarbons have been detected in flowback water (Kargo et al., 2010).  Many 
petroleum derivatives and BTEX compounds can be found associated with shale 
formations like the Marcellus, which explains the source of many of these contaminants 
in flowback water (Soeder and Kappel, 2009).  A wide array halophilic bacteria and 
archaea have been shown to degrade petroleum hydrocarbons, BTEX compounds, 
phenolics, polycyclic aromatic hydrocarbons, and halogenated hydrocarbons (Margesin 
and Schinner, 2001).   Thus, these organics in flowback water could be utilized as a 
carbon sources by the microbial communities. 
1.6  Geological Constraints on Life 
  The presence of halophilic microbes in produced water does not necessarily mean 
they were present within the Marcellus Formation prior to drilling.  However, microbial 
communities are known to exist in the deep subsurface up to a few thousand meters by 
inhabiting the water of pore spaces, surface of mineral particles and rock faces, occurring 
 16 
 
in biofilms, microcolonies or single cells (Ehrlich, 1998).  At depth, microbial 
metabolism occurs at a very slow rate, which has been thought to be supported by organic 
matter deposited with the formation sediments or by organic matter that migrates along 
flow paths (Ehrlich 1998; Krumholz 2000).  The rate of metabolism will vary over time 
due to fluctuations in nutrient availability.   
At depth, microbial metabolism ranges from heterotrophic to 
chemolithoautotrophic growth, depending on the geological formation.   Heterotrophic 
bacteria are thought to dominate in sedimentary deposits due to the presence of trapped, 
metabolically available organic carbon (Ehrlich 1998).  Chemolithoautotrophs would 
dominate in rock formations of igneous origin due to the lack of organic carbon and 
abundance of inorganic energy sources (Krumholz, 2000).  Sedimentary formations have 
the potential to be colonized by microbial communities; however, microbial colonization 
in the deep subsurface is limited by nutrient availability, temperature, pressure, salt 
concentrations and pore space size (Cullimore, 2000; Krumholz, 2000).   
 Temperatures of 110-150C are thought to be the upper limits of life (Gold, 
1992).   However, not all microbial strains are able to withstand higher temperatures.  
Bacterial processes tend to give way to thermogenic process at 50°C.  While 
thermophillic bacteria are able to grow up to 113°C (Parkes et al., 2000).  Assuming that 
temperature increases at 25°C/km depth below continents, a limit of about 3.5 km would 
be placed on microbial colonization (Krumholz et al., 1997).   
 There must also be sufficient porosity and pore sizes in order for microorganism 
to survive in extremely deep formations.  Microbes in the subsurface will usually grow 
attached to surfaces in openings, including intergrain pores, joint fractures, cooling 
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fractures, solution cavities, gas-bubble holes and lava tubes (Cullimore, 2000).  These 
openings provide sufficient surfaces and open space for proper cell attachment.  Many 
geological formations tend to be porous enough to allow colonization of bacterial cells 
with a diameter of 0.5-5 microns.  When in a state of nutrient starvation, many bacteria 
are known to shrink in size to 0.1 to 0.5 microns (Cullimore, 2000)).  And, these nutrient 
starved bacteria become unattached to any rock/mineral face.   Additionally, pore 
throat diameter needs to be large enough for microbial mobilization and colonization 
(Krumholz, 2000).  However, fractures in rocks have much larger openings that form 
groundwater flow paths, which serve as better zones for microbial transportation 
pathways and areas of dissolution that releases trapped organic material (Colwell et al., 
1997).   
1.7  Shale Geomicrobiology Case Studies 
 The potential for microbes to exist within low permeability organic rich shale 
formation is a key question in determining the source of bacteria in production water.  
The long-term survival and transport in porous or fractured medium are key aspects of 
subsurface microbial ecology (Colwell et al., 1997).  Several deep subsurface studies 
have explored the presence of bacterial communities in and surrounding shale formations.  
Review of several microbial studies in shale formations could help determine the 
plausibility of microbes in the Marcellus Shale. 
Cretaceous Mancos Shale – Dakota Sandstone (93-90 mya) 
 Fredrickson et al. 1997 explored the presence and origin of microbial 
communities associated with a 100 million year ago (mya) Cretaceous sandstone-shale 
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sequence at a depth of ~200 m.  The microbial biomass and metabolic activity was 
studied in relation to pore throat sizes to determine whether the microbes present could be 
derived from organisms present at the time of sedimentation (Fredrickson et al., 1997).  
These sediments were deposited during the Cretaceous period in a shallow marine 
environment that was part of large inland sea covering much of the western United 
States.  Thermal evidence shows that this shale-sandstone sequence did not rise above 
65C, which would allow for non-thermophilic bacteria to persist (Fredrickson et al. 
1997).   
 The fine grained shales had high organic carbon and pyritic sulfur content, while 
the coarse-grained sandstone had low carbon and pyrite content.  Fermentative and 
sulfate reduction growth was found on several enrichments of the sandstone formation, 
while only a single shale enrichment yielded growth (Fredrickson et al. 1997).  Mean 
pore-throat diameters in the shale was less than 0.03 microns, with all pore throats less 
than 0.2 microns in diameter.  The sandstone pore throats ranged from 0.06-13 microns.  
Based on pore size alone, microbial communities would not be able to infiltrate this shale 
formation from groundwater recharge. Shale-sandstone sedimentation undergoes 
considerable diagenesis, which reduces permeability and pore throat diameter over time, 
limiting microbial transport (Fredrickson et al. 1997).  Yet, indigenous microbes were 
detected via phospholipid fatty acid assays and enrichment cultures.   
 Building off this previous study, Krumholz et al. 1997 further analyzed the 
microbial communities living within the highly permeable sandstones and low-
permeability, organic rich shales by measuring metabolic activity on cores.  Metabolic 
activity was greatest at the interface of sandstone and shale formations (Krumholz, 1997).  
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The steepest rise in organic carbon concentration exists at these interfaces, which 
suggests that organic matter trapped in shales diffuses across the shale-sandstone 
boundary.  Bacteria within the larger pore diameter sandstone formation likely survive on 
endogenous organic matter that slowly diffuses from the shale to the sandstone.  To test 
this hypothesis, Krumholz et al. 1997 incubated sandstone samples with organic rich 
shale samples from the same formation.  Sulfate reduction dramatically increased with 
the addition of shale; and, two bacterial species were subsequently isolated from the 
sandstone enrichments (Krumholz et al. 1997; Krumholz 1999).  The microbes were a 
sulfate reducer (Desulfovibrio hypogeium) and an acetogen (Acetobacterium 
psammolithicum).   
 From the same Cretaceous sandstone-shale sequence, a culture independent 
molecular approach was applied by Kovacik et al 2006. to determine the presence of 
other microbial communities within either formation.  Based on the previous physical and 
chemical analyses of the rock cores, the presence of sulfate reducers, fermentative, 
denitrifying, and acetogenic microbes was hypothesized (Kovacik et al., 2006).  The 
molecular study revealed the presence of several sulfate reducing, acetogenic and Fe(III) 
reducing bacteria across the shale-sandstone interface (Kovacik et al, 2006).  Many of the 
bacterial clones analyzed had nearest relatives isolated from anaerobic marine, estuarine 
and freshwater sedimentary environments.   
 Anaerobic microbial processes, such as fermentation, sulfate reduction, Fe/Mn 
reduction and methanogenesis, could have existed in the depositional setting of marine 
black shale and sandstone formation (Fredrickson et al. 1997).  And, bacterial 
populations in marine sediments have been shown to be present at depths as great as 518 
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m below the seafloor (Parkes et al., 1994).  While the microbial community residing in 
the Cerro Negro shale-sandstone interface is representative of bacterial populations that 
colonized the sediments at the time of deposition, it is nearly impossible to determine if 
the communities survived in the geological formation or migrated via groundwater 
(Kovacik et al., 2006).     
Late Cretaceous Mesaverde Group -65 mya,  
Lower Tertiary Wasatch Formation -35mya 
 In a study by Colwell et al. 1997, late cretaceous and early tertiary rocks were 
sampled as deep as 2100 m in western Colorado.  The interbedded shale and sandstone 
formation sampled had a peak temperature of 120-145C 35 mya. before cooling to 65C, 
which is more tolerable for non-thermophilic bacterial colonization and survival (Colwell 
et al, 1997).  Based on the historical thermal regime, it was hypothesized that endogenous 
bacterial communities from the time of deposition would not exist; therefore, any 
microbial communities present would be from colonization of the deep rock formation 
via groundwater transport (Colwell et al, 1997).   
 Cores were taken from well-cemented sandstone with interbedding shales (856-
862 m), medium-grain sandstone (1996 m), and cross-bedded organic stylolite sandstone 
(2096 m).  The shallow core had porosity from 1-12% with permeability ranging from 
0.001-1 miliDarcies (mD).  The maximum pore throat diameter was 1.0 um, with the 
majority ranging from 0.01-0.1 um.  The middle sandstone core had porosity form 5-6%, 
permeability of 0.02 mD and a mediumn pore throat diameter of 0.77 um (max 3 um).  
The deepest unfractured sandstone core also had porosity of 6-7%, with permeability of 
0.03-0.05 mD and mediumn pore throat diameter of 0.11 um (max 2 um) (Colwell et al 
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1997).  Enrichment cultures were created from crushed samples of the cores to stimulate 
endogenous microbial growth.   
 Microbial enrichments from the deepest core did not yield growth on any 
condition (1996 m).  However, growth was obtained from enrichments in the two upper 
cores for fermentative, sulfate reducing, Fe(III) reducing and Mn(IV) reducing bacteria.  
Analysis of the SRB enrichment yielded clones with similarity to the gram-positive SRB 
genus Desulfotomaculum (Colwell et al, 1997).  The absence of microbial growth in the 
deepest core is probably a reflection of unfractured nature and past thermal conditions of 
the lower sandstone-shale sequence.  Microbial communities are likely absent from this 
lower formation due to sterilizing geothermal conditions experienced in its past.  The lack 
of fractures and smaller mediumn pore throat diameter in this section would also restrict 
the migration and colonization of microbial communities into the lower interbedded 
sandstone unit via groundwater (Colwell et al., 1997).  Whereas, the upper and middle 
sandstone formations had a fracture network that allowed meteoric water to migrate into 
the formation.  The lower temperatures and presence of fractures in the upper sandstone-
shale formations would allow for microbial colonization after past geothermal 
sterilization.   
Michigan Basin: Antrim Shale (380 mya) 
In the 380 million-year-old, late Devonian Antrim Shale, there is strong evidence 
for microbial activity and biogenic methane production.   Biogenic gas production was 
determined due to the lack of longer chain hydrocarbons that are produced during 
thermogenic natural gas production (Waldron et al., 2007). The pore water of the Antrim 
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Shale has high levels of dissolved salts, especially chloride, sodium, and calcium; and, 
the pore water has restricted flow due to the low matrix porosity.  Despite these 
characteristics, several fermentative, syntrophic, homoacetogenic bacteria and halophilic 
methanogens have been shown to inhabit the Antrim Shale (Waldron et al., 2007). 
Microbial activity is limited to the shallower areas of the Antrim Shale, which 
were fractured during deeper burial.  These fractures allowed for the influx of meteoric 
water from groundwater recharge during Pleistocene glaciation events.  The flux of 
meteoric water diluted the deep basin brines, which is evident from the salinity gradient 
present along the basin.  The fractures along with groundwater recharge, likely allowed 
for microbial colonization.  Waldron et al. (2007) showed that microbial growth and 
methanogenesis was limited by the flux of groundwater recharge and chloride 
concentration.  The deeper areas with high chloride concentration (>4 M) have extremely 
limited methane production, which correlates to upper salinity restraints for fermentative 
bacteria and methanogenic archae activity.  While the shallower, more fractured areas 
have a diverse microbial community. 
The microbes in the Antrim Shale have developed a syntrophic relationship, 
whereby the acetogenic bacteria decompose the organic substrates in shale to acetate.  
The methanogenic archae then utilize the acetate to produce energy and the methane 
byproduct (Huang, 2008).  The lack of thermal decomposition in the Antrim Shale, 
presence of fractures and glacial recharge have likely enabled the persistence of native 
microbes or colonization of microbial communities via groundwater transport.  These 
conditions allow for the proliferation of syntrophic communities in the Antrim Shale.   
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Illinois Basin: New Albany Shale(350 mya) 
 The New Albany Shale, an organic rich Devonian age formation, has similar 
geologic and microbial characteristics to the Antrim Shale.  There is evidence for 
biogenic methane production in the shallow sections of the shale, while deeper shale 
areas seem to only produce thermogenic methane (Schlegel et al., 2011).   The New 
Albany Shale likely reached a thermal maximum of 100°C about 270 mya, which likely 
sterilized and limited the microbial content of the formation.  However, microbes were 
likely reintroduced the New Albany Shale via groundwater transport (Schlegel et al. 
2011).  Microbial community analysis in the biogenic methane areas, revealed cells 
counts from 103-106 and the presence of two dominant archaea groups in the shale( 
Schlegel et al. 2011).   
 Areas of mixed brine and meteoric water show increased microbial activity, 
versus the deeper thermogenic methane zones that do not have meteoric water influx 
(Schlegel et al 2011).  Flow in the New Albany Shale is controlled by the Borden 
siltstone.  Recharge water from the siltstone likely migrates through an underlying 
carbonate aquifer and laterally into the fractured New Albany Shale (Schlegel et al., 
2011).  The shale has a low permeability with hydraulic conductivities ranging from 10-7 
to 10-5 ft/d.  However, fractures in the shale were likely dilated during glaciations, which 
allowed for further meteoric water penetration and likely microbial transport (Schlegel et 
al. 2011). 
1.8  Marcellus Shale Microbial Potential  
The previous microbial shale studies show the impact that thermal history, current 
temperature, salinity, and porosity can have on the presence or absence microbial 
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communities within ancient black shale formations.  Survival of microbes associated with 
excess organic matter during the deposition of black shale is not well known.  There have 
been several controversial studies, which show that microbial communities can survive in 
the pore spaces of sedimentary rock and within halite fluid inclusions for thousands to 
millions of years (Sankaranarayanan et al., 2011). However, survival of microbes at the 
time of Marcellus deposition is unlikely due to its thermal history.  The thermal maturity 
of the Marcellus Shale ranges from 110-200⁰C, depending on the region (Bruner and 
Smosner, 2011). These exceedingly high maturity temperatures would have sterilized the 
formation.  Thus, any microbial communities that might currently exist in the Marcellus 
Shale would have migrated and colonized the shale from other formations via 
groundwater transport.   
Currently, the Marcellus Shale ranges from 35-51⁰C (120-150⁰F) (Kargo et al., 
2010; Struchtemeyer and Elshahed, 2011). This temperature range, along with the 
organic rich content, could easily support microbial communities.  In order for microbial 
communities to exist within the Marcellus, suitable fluid migration and pore/fracture 
sizes must also be present.  There is brine fluid within the Marcellus; however, the source 
of the fluid is unclear.  The brine could be from primary dissolution of salts within the 
formation, encroachment of brines from more porous formations like the Oriskany, 
mobilization of connate fluids within the formation, and any combination of these 
hypotheses (Blauch et al., 2009). The mobilization of fluid within the Marcellus would 
allow microbial transport through/into the formation. 
Even though the Marcellus Shale has limited porosity and permeability, there is 
evidence of fluid migration through a series of fractures across the formation.  These 
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fracture systems could, hypothetically, allow for the transport of microbes over several 
million years.  During deposition of the Marcellus, the fast rate of sedimentation allowed 
for seawater to remain within the pore spaces (Engelder and Lash, 2008).  This pore 
water supported the weight of additional sedimentation and kept pore spaces intact, since 
water is relatively incompressible compared to the shale.  Increased pore pressure from 
fluid pressure along with increased pore pressure during thermogenic kerogen production 
would have resulted in cracks in the shale to relieve pressure.  As the kerogen was 
converted to gas, the cracks continued to grow until they formed full scale joints or 
natural hydraulic fractures (Lash and Engelder, 2009).   
Within the Marcellus Shale, there are two sets of joints known as the J1 and J2 
joint sets (Engelder and Lash, 2009).  J1 joints run east-northeast throughout the 
Marcellus Shale.  The J2 joints run north-northwest, cutting across the J1 joint set (Lash 
and Engelder, 2009). The hydraulic conductivity of the Marcellus is still relatively low, 
ranging from .00001-0.00059 ft per day.  However, the presence of kerogen cracks and 
large fracture joints would provide a conduit for microbial migration through the 
formation over time (Lash and Engelder, 2009).  Given the age of the formation, 
microbial communities would have sufficient time to migrate through the fracture 
network at such low hydraulic conductivities.  While this is all speculation, some 
microbial community members within Marcellus Shale produced water might have 
migrated via groundwater over time.   
 After reviewing previous geomicrobial studies in shale formations and microbial 
analysis of produced water, the presence of microbial communities within the Marcellus 
Shale is a strong possibility.  Previous studies have shown that microorganisms can 
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inhabit low permeability, low porosity shale formations.  Often this is due to the 
existence of fracture networks and groundwater recharge.  While the Marcellus Shale was 
likely sterilized at the time of thermal maturity, the occurrence of the J1/J2 joint fractures, 
along with sufficient time for groundwater migration, the mobilization of microbial 
communities into the formation is possible.  Current temperatures of the Marcellus (35-
55°C) would allow for the proliferation of microbes in the organic-rich shale.   
 There are many sources of microbial contamination in unconventional gas 
drilling, especially from the industrial gas equipment that moves region to region.  
Determining the origin of bacteria in Marcellus Shale produced water cannot be 
accomplished without intensive microbial sampling and analysis methods.  General 
microbial community studies on flowback water only help reveal the diversity of 
microbes in flowback water.  Assigning an origin to those bacteria can only be done 
through association to previous studies and knowledge of bacterial niches. The origin of 
the bacteria may not be of importance with the continued hydraulic fracturing of multiple 
areas in the Marcellus. This drilling activity could act to enrich microbial communities 
within the shale formation at the site of drilling by increasing fracture zones, dissolving 
organic matter, and increasing water content of the formation.  This could cause the 
proliferation of new bacterial communities, potentially methanogenic communities, in the 
Marcellus Shale.  If hydraulic fractures increase the joint fracture permeability, the 






Chapter 2 Specific Aims and Hypotheses 
 Enriching for and characterizing the microbial community present in flowback 
water  would help reveal the halophilic microbes present.  Unconventional shale gas 
produced water falls under the salinity range of moderate halophiles; therefore, molecular 
probing for bacterial and archaeal species within the produced water should yield 
organisms of halophilic nature.  Gaining insight into the microbial communities present 
may reveal the source of microbes present in flowback water.  Molecular studies can 
provide a general microbial diversity within flowback water samples.  Identification of 
community members could yield unique bacterial or archaeal species.  Furthermore, 
enrichment for flowback microbes should provide knowledge of halophilic microbial 
communities and insight into the ability of microbes to grow in the high TDS Marcellus 
produced water.  
There have not been any studies that attempt to culture the microbes associated 
with unconventional shale gas drilling systems.  While there are several studies that 
analyzed the overall communities found in produced water, they did not determine the 
types of microbes that remain viable after biocide treatment.  Thus, the main objective of 
this study was to enrich, characterize, and identify the viable microbial species found in 
Marcellus Shale produced water.  The ability to culture microbes in simulated produced 
water could help provide a means to culture halophilic microorganisms associated with 
the formation and produced water.  To accomplish the main objective, several specific 
aims were put into place. The first was to design an enrichment growth medium 
representing typical Marcellus produced water.   This medium could then be used to 
demonstrate the presence of viable microbes in produced water through flowback water 
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enrichments. Given successful enrichments, the enrichments could be characterized and 
identified to assess the microbial community for potential halophilic microbes related to 
deep subsurface microbes. 
 To begin, a selective medium was designed to mimic the ionic composition of 
Marcellus Shale produced water.  Ionic data from the Blauch et al. 2009 study, Palmerton 
group study, and laboratory ion analyses are used to design the simulated flowback 
medium. This medium was used to enrich for halophilic microbes from two Marcellus 
Shale produced water sample.  Two produced water samples were provided to Duquesne 
University for chemical and biological analysis.  Samples originated from southwest 
Pennsylvania near Washington and Greene Counties.  The first produced water sample, 
named SWPA, was a flowback water sample obtained from Carnegie Mellon University. 
The second produced water sample, named LP, was water from a Washington County, Pa  
post-frac impoundment pond.   
 Another environmental sample from a coal mine impoundment was also delivered 
for analysis.  This sample served as a comparative water sample from another industrial 
water source.  However, this coal mine is suspected to be impacted by Marcellus 
produced water.  Chemical data and bacterial enrichments were suspected to be similar to 
the produced water samples.  Finally, freshwater stream samples were used for a 
freshwater microbial comparison in the enrichment medium.  The freshwater streams, 
Bates Fork and Fonner Run, are located in Green County, Pa where there is lots of 
Marcellus drilling activity. Following chemical analysis, samples were enriched in the 
simulated flowback medium. The enrichment cultures were then characterized using 
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physiological and molecular methods.  Experimental design and set-up for the 




1. Marcellus produced water contains viable and cultivable microbial species  
2. Microbes present in produced water will be moderate to extreme halophiles. 
3. Enrichment cultures will contain a diverse microbial community of halophilic 





Chapter 3  Materials / Methods 
These specific aims required an array of methods, including medium preparation, 
aseptic culture techniques, molecular work, bioinformatics, and more.  The experimental 
methods for each specific aim fell into the following categories: 
1. Sample Acquisition, Chemical Analysis and Medium Formulation 
2. Enrichment Culture and Growth Experiments 
3. Molecular Profiling 
3.1 Sample Acquisition and Chemical Analysis 
3.1.1  Sample Acquisition 
Microbial studies were conducted on environmental samples from Marcellus 
Shale produced water, coal mine impoundment and freshwater stream samples.  Produced 
water  and coal impoundment water samples were provided to Duquesne University.  The 
stream sampling sites, Bates Fork and Fonner Run, are located in Greene County, 
Pennsylvania at  39°57'39.87"N, 80°15'29.50"W and  39°57'42.41"N, 80°15'24.71"W, 
respectively (Figure 3.1).  Stream samples were part of a baseline biotic survey being 
done on the two streams due to the presence of Marcellus activity on Bates Fork, but not 
on Fonner Run (Figure 3.2).  All samples were stored in sterile 1 liter French square 
bottles and 50 mL conical tubes and kept at 4⁰C until further analysis.  In order to 
determine the overall composition of the environmental water samples and help 
formulate the semi-synthetic flowback culture medium, several analytical water 
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3.1.2 YSI Multimeter 
Initial chemical analysis were conducted using a YSI-Pro Plus multimeter (YSI 
Incorporated, Yellow Springs, OH).  This multimeter is capable of measuring 
temperature, pH, dissolved oxygen, specific conductivity, and chloride.  These basic 
measurements provide an overall snapshot of the produced water composition. 
3.1.3 Ion Chromatography: Anion Analysis 
Anion analysis was performed on a Dionex ICS-1100 equipped with an AS-22 
anion exchange column, conductivity cell and UV/VIS detector.  Separation through the 
column is accomplished using a 4.6 mM sodium carbonate, 1.4 mM sodium sicarbonate 
eluent. Conductivity from the eluent is suppressed before conductivity cell measurements 
with an ASRS-300 suppressor (Dionex).  In order to quantify anion concentrations, 
several 5-point standards were run.  Stock 1000 ppm standard solutions (Sigma-Aldrich) 
were diluted to various concentrations by mass.  Standards included fluoride, arsenite, 
chloride, nitrite, bromide, nitrate, phosphate, sulfate, and arsenate.  Any unidentified 
chromatogram peaks  have to be identified through literature searches or further 
standards.   
Samples for anion analysis were prepared by filtering through a 0.22 um PES 
filter (VWR, Bridgeport, NJ) for sterilization and an Onguard-II-M column (Dionex, 
Sunyvale, CA, USA) for removal of iron and other transition metals. After pretreatment, 
samples were diluted to an appropriate conductivity for the system (0-1500 uS/cm3).  
Approximately 5 mL of sample was loaded into polyvials (Dionex, Sunyvale, CA, USA) 
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and placed into an AS-DV autosampler linked to the ICS-1100 system (Dionex, 
Sunyvale, CA, USA).  Samples were run for 20 minutes at 0.25 ml/min to allow proper 
separation and elution of all anions.  Concentrations from peak height were determined 
from five-point calibration curves. 
3.1.4 Ion Chromatography: Cation Analysis 
Cation analysis was done at the University of Pittsburgh under the direction of Dr. 
Dan Bain using a Perkin-Elmer NexION 300x (Waltham, MA, USA) IC-ICP-MS system.  
All samples were diluted by mass using 2% nitric acid.  An internal standard consisting 
of beryllium, germanium and titanium was added to each sample to insure consistency.  
Five-point calibration standards were run prior to analysis. Blanks containing internal 
standards were run at beginning and end of all samples.  Samples were run in triplicate to 
provide more accurate results.  Final results were compared to the blanks to determine 
detection; and, then sample data was corrected for dilution factors. 
3.1.5 Simulated Flowback Medium Preparation 
To mimic the high total dissolved solid concentrations found in Marcellus Shale 
produced water, a laboratory prepared medium was developed.  This recipe was 
developed from the Blauch et al. 2009 study and the DEP flowback averages (Table 1).  
The medium developed consists of the following in 1000 mL dI H2O: NaCl (60 g), KCl 
(1.2 g), CaCl2 (8 g), MgCl2 (1.0 g), Ammonium Chloride (1.0 g), KH2PO4 (0.5 g), SrCl2 
(2.75 g), BaCl2 (150 mg), FeCl2 (10 mg), NaHCO3 (4.2 g), yeast extract (0-1.0 g), 500x 
vitamin mix (2 mL) and 500x mineral mix (2 mL).  The 500x vitamin mix contains the 
following in one liter: biotin (2 mg), folic acid (2 mg), pyridoxine HCl (10 mg), 
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riboflavin (5 mg), thiamine (5 mg), nicotinic acid (5 mg), pantothenic acid (5 mg), p-
aminobenzoic acid (5 mg), thioctic acid (5 mg), and vitamin B12 (0.1 mg).  The 500x 
mineral mix contains the following in one liter: nitriloacetic acid (1.5 g), MgSO4 ·7H2O 
(3 g), MnCl·4H2O (0.444 g), NaCl (1.0 g), FeCl3 ·6H2O (67 mg), CaCl2·2H2O (100 mg), 
CoCl2·6H2O(100 mg), ZnSO4·7H2O (274 mg), CuSO4·5H2O (10 mg), AlK(SO4)2 (10 
mg), Boric Acid (10 mg), sodium molybdate (25 mg), NiCl2·6H2O (24 mg), and Na2WO4 
(25 mg).   
Enrichment medium was  mixed on a hot plate until all salts are dissolved.  To 
insure that a calcium carbonate precipitate did not form during the addition of calcium 
chloride and sodium bicarbonate, the solution was acidified and further heated.   The pH 
was adjusted to a final range of 5.5 to 6.0.  For sterilization, the medium was autoclaved 
and vacuum filtered.  Vitamin mix, mineral mix, yeast extract and other amendments 
were added to the medium after autoclaving using syringes with 0.22 um filter adapters. 
3.2  Enrichments and Growth Experiments 
3.2.1 Enrichment Cultures 
From the Marcellus shale produced water samples, 10% (v/v) of sample was injected 
into aerobic Frac Medium at room temperature with a variety of carbon sources (yeast 
extract alone, glucose, fructose, lactate, and acetate) in separate bottles.  The presence of 
high total dissolved solids and carbon sources provides a basic mimic of the down-the-
hole conditions during the drilling process, where bacteria might start to proliferate.  Any 
halophilic bacteria present should be able to easily grow on the high salinity.  Flowback 
medium was also inoculated with coal mine effluent (BS5), Bates Fork water, Fonner 
Run water and crushed roadside rock salt.  These enrichments served as comparative 
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inoculations to determine the potential microbial growth in hypersaline produced water.  
All enrichments were monitored for growth. Once growth was observed, the cell 
morphologies of the enrichment culture were assessed.   
3.2.2 Gram-Staining 
Gram-staining was done to determine the presence of gram negative and/or positive 
microbes.  For gram stains, slide smears were prepared by spreading 2-3 loops of cell 
culture in a ½” wide area, air drying the slide and then passing the slide over a flame to 
heat kill and fix the microorganisms to the top of the slide.  Smears were then gram 
stained by covering in crystal violets for twenty seconds, washing in dI H2O, covering in 
gram’s iodine for one minute, rinsing with 95% ethanol for twenty seconds, followed by 
safranin for twenty seconds.  After staining, slides were blotted dry and viewed under a 
light microscope.    
3.2.3 Microscopy 
Cellular morphology was determined through microscopy work on a Nikon 
microphot SA phase-contrast microscope (Melville, NY, USA) and a Hitachi S-3400 
scanning electron microscope (Tokyo, Japan).  For phase-contrast microscopy, less than 
10 uL of culture was wet mounted on a glass slide with a cover slip. Cells were viewed 
and photographed at 400x and 1000x magnification.   
Enrichment biofilms were collected and prepared for SEM by fixing the biofilms in 
2.5% gluteraldehyde in the enrichment medium.  Following gluteraldehyde fixation, 
specimen were dehydrated using a series of ethanol rinses.   Fixed specimen were rinsed 
in 70% ethanol for 10 minutes, 95% ethanol for 15 minutes, and 3 changes of 100% 
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ethanol for 10 minutes each.  Dehydrated samples were then chemically dried using 
HMDS (hexamethyldisilazane). Speciment were rinsed in 2 parts 100% ethanol and 1 
part HMDS for 15 minutes, followed by 1 part 100% ethanol and 2 parts HMDS for 15 
minutes. After a final rinse of 100% HMDS only for 15 minutes, samples were air dried 
overnight in a fume hood.  Each biofilm was attached using  double faced carbon tape to 
a 15 mm aluminum stud for SEM imaging and elemental analysis. The material was 
observed on a Hitachi S-3400N variable pressure SEM. Elemental analysis was done 
using a Bruker EDS Quantex unit attached to the Hitachi SEM. 
 
3.2.4 Growth Experiments 
 After initial growth was observed in the enrichment culture, general growth 
curves on the flowback medium were done to show general growth kinetics.  Salinity 
tolerance and carbon source growth experiments were done in triplicate and measured by 
optical density.  To measure growth under varying conditions, the turbidity of 1 mL of 
culture was measured at an optical density of 600 nm on a Perkin-Elmer (Waltham, MA, 
USA)) Lambda2 dual-beam spectrophotometer,  at varying time points (Stolz et al., 
2007).   
 Yeast extract growth experiments were conducted to determine the optimal and 
minimal concentration of yeast extract needed for growth.  Flowback enrichment cultures 
(SWPA and LP)  were grown in simulated flowback medium amended with yeast extract 
at 1.0, 0.5, 0.25, 0.1, 0.05, and 0.00 grams per liter. Growth was measured at 24 and 48 
hour time points for the two flowback water enrichments. Blank culture amendments 
were also measured as a negative control. 
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 Considering the degree of salinity already present in the enrichment medium, it 
was hypothesized that the enrichment community should be able to survive at a range of 
salinity levels. Cultures were grown in 15 mL flowback medium with (grams/L) 0, 30, 
60, 90, 120, 200, 240 and 280 sodium chloride, and yeast extract as the substrate.  
Growth was measured in triplicate at 0, 24 and 48 hours to determine the salinity 
tolerance of the enrichment cultures.   
Following the enrichment of other water samples, salinity tolerances were measured a 
second time with a broader salinity range.  A broader salinity test range was chosen due 
to a gap in testing at the lower salinity concentrations in the first experiment.  Salinity 
tolerance was measured a second time by amending 0 g/L NaCl flowback medium with a 
saturated NaCl medium solution to the following concentrations (g/L): 0, 1.16, 5.8, 14.6, 
29, 43.5, 58, 87, 116, 145, and 232. These concentration correspond to the following 
molarities (mM): 0, 20, 100, 250, 500, 750, 1000, 1500, 2000, 2500, and 4000.  All 
samples were inoculated based on initial OD values and grown in triplicate in screw top 
test tubes. Growth was measured at time points (hr): 0, 12 ,24, 36, 48, and 72 hours.  
Blank medium amendments were also measured at all salinity values and time points as a 
negative control. 
 After observing salt precipitation and biofilm growth in the flowback 
enrichments, a growth experiment was conducted to determine if the precipitation caused 
a decrease in overall medium conductivity.  For this experiment, enrichment cultures 
were grown at 30 g/L  NaCl flowback medium with 0.5 g/L yeast extract.  At 24 and 48 
hour time points, the OD was measured. Following optical density measurements, the 
medium was filtered through a 0.22 um filter to remove cells and salt precipitate.  The 
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conductivity of the filtered medium was then measured using an ECTestr conductivity 
probe and the YSI multimeter.  Growth was conducted in triplicate with a negative 
control and heat-killed control. 
3.3  Molecular Profiling 
3.3.1 DNA Extraction 
For molecular profiling, DNA was extracted from the enrichment cultures using a 
modified phenol-chloroform-IAA extraction protocol.  Approximately 10 mL of liquid 
culture was centrifuged at 7,000 rpm for 10 minutes to pellet the cells. Cell pellets were 
washed with 10 mL of TE Buffer (10 mM TRIS, 1 mM EDTA, pH 8.0) and centrifuged 
again to pellet cells.  After removing the TE buffer, cell pellets were resuspended and 
rinsed in 10 mL of Lysis Buffer (50mM EDTA,0.1M NaCl, pH 7.5).  After spinning a 
second time, the cell pellet was resuspended in 500 uL Lysis Buffer, 60 uL Lysozyme 
(100 mg/mL), and  5 uL Proteinase K (20 mg/mL).  Lysis suspension was incubated at 
37⁰C for 1.5 hours with gentle shaking.  After incubation, 40 uL of 20% SDS was added 
to the suspension and inverted multiple times.   
The lysate solution was then transferred to a 2 mL microcentrifuge tube.  Equal 
parts of phenol:chloroform:IAA (PCI) (25:24:1) was added to the lysate.  Phenol was tris 
buffered prior to PCI mixture.   The lysate and PCI tube was inverted and vortex, then 
centrifuged at 10,000 rpm for 10 minutes.  Centrifugation separated solution into 3 
layers: top aqueous phase, middle interphase, and lower organic phase.  The aqueous 
phase, which contained the DNA sample, was carefully transferred to a new 
microcentrifuge tube.   After two more PCI extractions, chloroform:IAA (24:1) was 
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added to equal parts of the final aqueous phase and centrifuged at 10,000 rpm for 10 
minutes.   
DNA was pelleted from approximately 600 uL aqueous phase with 360 uL cold 
100% iso-propanol and 12 uL 5 M NaCl.  After setting in the -20⁰C for 30 minutes, the 
precipitated DNA was centrifuged at 12,000 rpm for 10 minutes at 4⁰C.  DNA pellets 
were washed with 200 uL cold 70% ethanol, centrifuged again, decanted and dried in a 
speed vac.  DNA pellets were resuspended in 50 uL of ultrapure, nuclease free water. A 
0.8% agarose gel with 1xTAE buffer and 1 ug/mL ethidium bromide was run to visualize 
the high molecular weight extracted DNA.  Based on gel images, the 50 uL DNA 
samples were RNAase treated by adding 1 uL RNAase (10mg/mL stock) and incubating 
at 60⁰C for 30 minutes in a water bath.  Following RNAase treatment, DNA was 
precipitated again by adding 100 uL of cold 100% isopropanol.  After centrifuging at 
12,000 rpm for 10 minutes, the pellets were dried in the speed vac again and resuspended 
in 50 uL ultrapure nuclease free water.  All sample DNA concentrations were measured 
using the Invitrogen (Grand Island, NY, USA) Qubit fluorometer.   
  3.3.2 Automated Ribosomal Intergenic Spacer Analysis (ARISA) 
Enrichment culture microbial diversity was estimated using ribosomal intergenic 
spacer analysis (RISA).  This molecular technique is based on the principal that the 
intergenic spacer between the 16S and 23S rRNA subunit genes varies between bacterial 
species (Borneman and Triplett, 1997).  The intergenic spacer varies significantly in both 
length and nucleotide sequence amongst microbial species.  The length heterogeneity can 
be used to create a intergenic spacer fingerprint of a bacterial community, which is used 
to estimate community diversity (Fisher and Triplett, 1999).  To do this, the intergenic 
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spacer is PCR amplified using universal primers on the 16S and 23S genes.  The PCR 
product can be run out on a polyacrylamide gel and visualized under UV light with 
ethidium bromide staining. Alternatively, the intergenic spacer PCR can be conducted 
with fluorescent tag on the forward primer.  This fluorescent tag allows the PCR product 
to be run through a capillary electrophoresis genetic analyzer, which detects the tagged 
DNA fragments via lasers (Fisher and Triplett, 1999).  This automated approach allows 
the length and intensity of each intergenic spacer DNA product to be easily determined.  
This technique is known as automated ribosomal intergenic spacer analysis (ARISA).  
   In RISA and ARISA, each fragment obtained from a bacterial culture, 
theoretically, represents one operational taxonomic unit (OTU).  The intensity of each 
peak/band represents the frequency of that OTU (Fisher and Triplett, 1999).  While one 
OTU can represent an individual specie, bacterial species can have more than one 
intergenic spacer and multiple species could have the same length spacer.  This can cause 
error in the estimation of bacterial richness and diversity in a community (Hewson and 
Fuhrman, 2004); however, ARISA still provides an excellent fingerprint of community 
diversity (Kovacs et al., 2010).   
For ARISA, the 16S-23S intergenic spacer region was amplified from enrichment 
culture DNA using universal primers 1406F (16S rRNA  gene) and 23SR (23S gene) 
(Fisher and Triplett, 1999), ITSF (16S rRNA  gene) and ITSReub (Cardinale et al., 2004) 
and archaea specific primers 915F (16S rRNA  gene) and 71R (23S gene) (Garcia-
Martinez and Rodriguez-Valera, 2000) (Table 3.2).  ARISA reaction mixtures consisted 
of 100 ng genomic DNA, 12.5 μL 2x Taq Mastermix (Phenix Research Products, 
Candler, NC), 25 pmol of each forward and reverse primer, and nuclease-free water to a 
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final volume of 25 μL.  Polymerase chain reactions were run on a Techgene thermocycler 
(Techne incorporated, Princeton, NJ, USA) under the following conditions:  initial 
denaturation at 95⁰C for 5 mins, followed by 45 cycles of denaturation at 95⁰C for 15 
seconds,  annealing at 55 ⁰C for 15 seconds , extension at 72 ⁰C for 45 seconds , and final 
extension at 72⁰C for 10 minutes.  From the amplified PCR products 5 μL was set aside 
for genetic analyzer fragment analysis.  The remaining amplified product was run on 
either a 2% high quality agarose gel or 10% TBE gel.  Agarose gels were made with 
1xTAE with 0.5 ug/mL ethidium bromide for staining.  Agarose gels were run at 70V 
until the dye front reached the end of the gel.  The 10% TBE polyacrylamide gels were 
run in Mini-PROTEAN gel apparatus (Biorad, Hercules, CA, USA) at 70V for 5 hours, 
stained with ethidium bromide ( 0.5 ug/mL) for 45 mins, and then rinsed for 1 hour with 
dIH2O.  All gels were visualized and photographed under ultraviolet light. 
For ARISA analysis, the 5’ end of the forwad primer was fluorescently labeled 
with the phosphoramidite dye 6-FAM in order for amplified ARISA products to be 
detected on an Applied Biosystems Avant-3100 (Foster City, CA, USA).  To prepare 
samples for the genetic analyzer, 8 μL of dIformamide, 0.5 μL LIZ-1200 Size Standard 
(Applied Biosystems, Foster City, CA, USA), and 1 μL of PCR product were mixed, 
denatured at 95 ⁰C for 5 mins and cooled on ice for 2 mins.  Amplified ARISA products 
were separated and detected on the AVANT-3100 under genescan mode for fragment 
analysis.  Results were, then, analyzed using the Applied Biosystems Peak Scanner 
software (Foster City, CA, USA). Peak scanner produces an electropherogram, which is a 




3.3.3 RISA Analysis 
 The RISA 10% TBE gel digital images were uploaded to Quantity-One software 
(BioRad, Hercules, CA, USA) for fragment analysis.  Background was substracted and 
images were inverted for analysis. Bands were identified automatically and manually 
with two flanking DNA ladders for analysis.  Band matching between lanes was inputted 
manually with a 1% matching tolerance.  Any band selected for matching was compared 
with all bands across all lanes for possible matches within 1% of the band size. 
 Banding similiarity was then calculated using the weighted and unweighted Dice 
coefficient, which factors in the presence, absence and intensity of a band. Dendograms 
were then constructed in Quantity One using the wieghted pari group method (WPGMA) 
and unweighted pair group method (UPGMA) using the calculated similarity coeefficent. 
3.3.4  ARISA Analysis 
Peak fragment sizes are determined from the fragment sizes of the internal size 
standard;  and, peak heights are determine by the fluorescent intensity. Each peak is an 
amplified intergenic spacer length, which represents one operational taxonomic unit 
(OTU).    For analysis, all peaks <100 fluorescent units were excluded to reduce 
background noise.  Data from peak scanner was exported to an tab-delimited text file 
with no header file and then uploaded to the TREX fragment analyzer.  Results were 
binned and averaged by peak height, peak area and peak presence/absence using the 
TREX software (Culman et al., 2009).  Separate files were uploaded and exported 
to/from TREX for heat map/statistical analysis.  
Upon exporting from TREX, each peak datum was relativized by the overall 
sample peak height or peak area intensity.  Presence/Absence datum files were not 
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relativized since datum was in a binary format.  Relative peak height and peak area files 
were obtained by dividing the fragment intensity by the total sample intensity.  Heat 
maps of ARISA peak height, peak area and peak presence/absence datum were created 
using the software PERMUT-MATRIX (Caraux and Pinloche, 2005).  Within permut-
matrix, hierarchical statistical clustering was done to compare the banding pattern and 
similarity between each enrichment culture and environmental DNA samples.  Further 
analysis for band similarity between samplings was done in excel by sorting. Sorted 
datum was then filtered to determine the number of shared bands between samples and 
number of unique bands for a sample. Shared and unique band data was then inputted 
into a Venn diagram using the Google Charts: Venn Charts online tool  at 
https://developers.google.com/chart/image/docs/gallery/venn_charts. 
3.3.3  16S rRNA Gene Clone Library Construction 
16S rRNA Gene Amplification  
Identifying microbial community members within the enrichment cultures was 
done through analysis of the small subunit ribosomal RNA genes (Giovannoni et al., 
1990).  The 16S rRNA gene is an excellent phylogenetic marker for bacteria and archae 
lineages, which can be amplified, transformed in Escherichia coli and sequenced for 
identification.  To obtain the bacterial 16S rRNA gene , universal primers 8F and 
U1510R (1492R) were used (Edwards et al., 1989; Stackebrandt et al., 1993). To probe 
for Archaea 16S rRNA genes in the sample, several archaea specific primers were tested 
(Table 3.2).   These included 340F/1000R, 344F/915R, and 109f/915R To amplify the 
16S rRNA gene sequence, the reaction consisted of 50-100 ng genomic DNA, 12.5 μL 2x 
Taq Mastermix (Phenix Research Products, Candler, NC), 25 pmol of each forward and 
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reverse primer, and nuclease-free water to a final volume of 25 μL.  Polymerase chain 
reactions were run on a Techne thermocycler (Techne incorporated, Princeton, NJ, USA) 
under the following conditions:  initial denaturation at 95⁰C for 2 mins, followed by 30 
cycles of denaturation at 95⁰C for 40 seconds,  annealing at  55 ⁰C for 30 seconds , 
extension at 72 ⁰C for 90 seconds , and final extension at 72 ⁰C for 7 minutes.  Annealing 
temperature was 55⁰C for the 8F/U1510R primer set, but varied for several other primer 
sets based on the melting temperature (Tm) and primer-set being used (Table 3.2).   
Ligation and Transformation 
Following PCR amplification, the 16S rRNA products were cleaned using the 
Promega SV PCR Clean-up system (Madison, WI, USA).  Clean product was then ligated 
into the Invitrogen pCR4®-TOPO vector (Grand Island, NY, USA).  The ligation 
reaction consisted of 1 μL salt solution, 1 μL TOPO vector, 2 μL PCR product, and 2 uL 
nuclease-free water to bring up to 6 uL.  Ligation mixtures were incubated at room 
temperature for 5 minutes before beginning the transformation process.  Next, the ligated 
plasmid was transformed into TOP10 chemically competent Escherichia coli cells by 
adding 2 uL ligation mixture to a vial of TOP10 cells, incubating on ice for 5 to 30 
minutes, and heat shocking the cells for 30 seconds in a 42⁰C water bath.  Next, 250 μL 
of room temperature SOC. medium was added to each cell tube and incubated at 37⁰C for 
1 hour with horizontal shaking.   SOC medium is a 'super optimal brother' that contains 
2% tryptone, 0.5% yeast extract, 10 mM sodium chloride, 2.5 mM potassium chloride, 10 
mM magnesium chloride, 10 mM magnesium sulfate, and 20 mM glucose.   Agar plates 
with ampicillin were then spread with 40 μL of the incubated transformed cells and 
grown overnight at 37⁰C.   
 46 
 
Colony PCR   
From each transformation, 10-20 individual clone colonies were picked up with a 
sterile toothpick and resuspended in 50 μL nuclease-free water.  Colonies were lysed at 
95⁰C for 5 minutes using the thermocycler.  The supernatant from the lysed clones were 
then used for colony PCR.  M13 forward and reverse primer sets were used to amplify 
the plasmid insert, so Escherichia coli 16S rRNA DNA was not mistakenly amplified.  
The colony PCR consisted of 10 μL clone lysate, 12.5 μL 2x Taq Mastermix (Phenix 
Research Products, Candler, NC), 3.2 pmol of each forward and reverse M13 primer, and 
nuclease-free water to a final volume of 25 μL.  Colony PCR conditions occurred under 
the following conditions:  initial denaturation at 95⁰C for 5 mins, followed by 30 cycles 
of denaturation at 95⁰C for 30 seconds,  annealing at 55 ⁰C for 30 seconds , extension at 
72 ⁰C for 2 minutes , and final extension at 72 ⁰C for 10 minutes.  Final colony PCR 
products were cleaned using the Promega SV PCR Clean-up system (Madison, WI, 
USA), quantified using the Qubit Fluorometer (Invitrogen, Grand Island, NY, USA), and 
run on agarose gel to check product length.   
Sequencing Reaction 
 Clean colony PCR product was used in a Big Dye Terminator v3.1(Applied 
Biosystems, Foster City, CA, USA)  sequencing reaction.  The sequencing reaction 
consisted of 3 μL BigDye RR-100, 2 μL BigDye 5x buffer, 3.2 pmol forward or reverse 
primer, 10-40 ng template, and nuclease-free water up to 20 μL.  Sequence reactions were 
then run using the program BrSeq74, which consists of:  incubate at 95⁰C for 1 minute , 
then incubate at 95⁰C for 30 seconds (ramp 1.0⁰C/sec), 50⁰C for 5 seconds(ramp 
1.0⁰C/sec), 60⁰C for 4 minutes (ramp 1.0⁰C/sec) and cycle 75 times and then hold at 
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10⁰C.   All sequence reaction products were then cleaned to remove dye terminators 
using Princeton Separation CENTRI-SEP (Adelphia, NJ, USA) sephadex columns, 
whereby 20 uL of reaction product was added to center of the sephadex gel and 
centrifuge at 750xg for 2 minutes.  Flow-through, which is the purified DNA sequence 
product, was then dried in a speed-vac for 30 minutes on medium heat.  All dried 
sequence products were resuspended in 10 uL of dIH2O.  The dIformamide allows for 
longer storage of the sequence product.  Resuspended sequence products were then 
denatured at 95 ⁰C for 2 minutes, placed on ice, and run on the Avant-3130 genetic 
analyzer (Applied Biosystems, Foster City, CA, USA). 
Sequencing and Phylogenetic Analysis 
 Raw sequence data from the Avant-3100 analyzer was processed in GeneMapper 
software (Applied Biosystem, Foster City, CA, USA).  Analyzed datum was then 
visualized using freeware Chromas (Technelysium Pty Ltd, Brisbane QLD, Australia )  and 
SeqScanner V1.0 (Applied Biosystem, Foster City, CA, USA).  Sequences were scanned 
for vector and trimmed based on signal quality using DNASTAR (Madison, WI, USA).  
All sequences were trimmed to a length of around 500 bp, which spans approximately the 
first third of the 16S rRNA gene. Trimmed sequences were uploaded to the Ribosomal 
Database Project (Cole et al., 2007) for sequence alignment, determination of  taxonomic 
levels and generation of phylogenetic trees.  After uploading, ' myRDP' sequences were 
alligned by the RDP public alignment tool, which uses the RNACAD aligner system.  
Sequences were then automatically matched with bacterial taxonomic classifications 
using the RDP Classifier (Cole et al., 2007).  Alligned sequences were, also, compared 
against microbial 16S rRNA sequences in the GenBank BLAST database for 
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confirmation of RDP classification (Johnson et al., 2008). Within the RDP Classifier, 
highest similarity hits were selected for tree construction.  Outgroups for the tree were 
selected in the RDP Browser.  Finally, phylogenetic trees were constructed using RDP 





Table 3.2: Primer sets used for ARISA and 16S rRNA Sequencing 









1406 F  16S  (6FAM)‐ TGY ACA CAC CGC CCG T 55 ⁰C , 45 cycles  59 (Fisher and Triplett, 1999)
23S R  23S  GGG TTB CCC CAT TCR G 54 (Fisher and Triplett, 1999)
ITSF  16S  (6FAM)‐GTC GTA ACA AGG TAG CCG TA 55 ⁰C , 45 cycles  54 (Cardinale et al., 2004)
ITSReub  23S  GCC AAG GCA TCC ACC 54 (Cardinale et al., 2004)

































GWA TTA CCG CGG CKG CTG 55 ⁰C , 30 cycles  54 (Baker et al., 2003)
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Chapter 4 Results 
4.1 Water Analysis 
 The water samples used for microbial enrichments were analyzed for major 
cations and anions using an ICP-MS cation system and an ion chromatography anion 
system.  Major ion data can provide a snapshot of the water quality and can often serve as 
indicator of the water source.  Combined water quality data for each sample can be found 
in Table 4.1.   
 The two Marcellus produced water samples had very similar compositions.  The 
specific conductivity was 102,864 uS/cm3 for SWPA and 61,477 uS/cm3 for LP flowback 
samples.  The conductivities are extremely high due to the high concentration of TDS in 
the samples.  The pH was 5.38 and 5.67 respectively, which falls into the typical range of 
flowback samples (Table 1.1).  The following major anions were measured - sulfate, 
chloride, bromide, and nitrate.  The flowback water samples did not yield any nitrate 
readings.  The sulfate levels were also low at 8.64 and 10.21 mg/L for SWPA and LP.  As 
expected, the chloride levels were extremely high.  Both samples had approximately 
30,000 mg/L chloride; however, reading chloride accurately at that concentration was 
difficult due to the dilutions necessary on the ion chromatography.  Finally, bromide was 
detected at 255 and 226 mg/L for SWPA and LP.  The major cations that dominated the 
flowback water samples were calcium, strontium and sodium.  Less prevalent cations 
detected included barium, iron, magnesium, potassium and lithium (Table 4.1).  The 
sodium had extremely high concentrations, which were approximately 38,000 and 12,000 
mg/L for SWPA and LP respectively.  Calcium concentrations were around 19,000 and 
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6,400 mg/L for SWPA and LP flowback samples.  Strontium ranged was detected at 
















Unit  SWPA  Lone Pine  Bleeder Shaft #5  Fonner Run  Bates Fork 
Specific 
Conductivity  uS cm
‐3  102,864  61,477  6,400  387  476 
pH  5.38  5.67  7.53  7.91  7.67 
Sulfate  mg/L  8.64  10.21  3,826.18  25.07  24.46 
Nitrate  mg/L  ND  ND  1.81  0.11  0.58 
Bromide  mg/L  255.14  226.01  14.25  ND  ND 
Chloride  mg/L  30682.99  27700.1  1,241.85  1.29  6.00 
Barium  ug/L  204.39  118.61  0.87  0.04  0.05 
Calcium  mg/L  19016.49  6383.62  7,110.00  34.40  34.80 
Iron  mg/L  117.38  66.09  22.30  0.12  0.34 
Magnesium  mg/L  1412.20  451.18  253.00  4.12  4.71 
Potassium  mg/L  188.20  217.75  138.00  0.98  1.06 
Strontium  mg/L  2198.18  796.24  768.00  0.12  0.13 
Sodium  mg/L  37965.01  12820.62  SAT  2.90  4.12 
Others: 
Arsenic  ug/L  BDL  BDL  BDL  BDL  BDL 
Lead  ug/L  BDL  BDL  BDL  BDL  BDL 
Lithium  mg/L  79.03  32.29  51.8  0.3759  0.0006 
Silver  ug/L  BDL  BDL  BDL  BDL  BDL 
Selenium  mg/L  BDL  BDL  1.73  BDL  BDL 
Chromium  ug/L  BDL  BDL  BDL  BDL  BDL 
Zinc  ug/L  BDL  BDL  166  BDL  BDL 
Table 4.1: Cation and anion data for the flowback water, coal mine water and freshwater stream water used for bacterial 
enrichments. 
ND - not detected         SAT - saturated       BDL - below detection limit
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 The coal mine water sample, BS5, had a pH of 7.53 and a relatively high specific 
conductance at around 6,400 uS/cm3.  Compared to the flowback samples, though, this 
conductivity is not extremely high. The major anions detected were chloride and sulfate. 
The chloride was approximately 1,200 mg/L, while the sulfate was around 3,800 mg/L.  
The higher concentration of sulfate in the coal mine was expected, due to the prevalence 
of pyrite in coal mines.  Of note, bromide was detected at 14.25 mg/L.  The major cations 
detected were sodium, calcium and strontium.  Unfortunately, the sodium levels saturated 
the ICP-MS, so an accurate reading of sodium is not available. The calcium concentration 
was measured at 7,110 mg/L.  Strontium levels were 768 mg/L.  Minor cations detected 
include iron, magnesium, potassium, lithium, zinc and selenium.  Selenium and zinc were 
measured at 1.73 mg/L and 166 mg/L respectively. 
 As expected, the freshwater stream samples collected from Bates Fork and 
Fonner, located in Green County, Pa, had much lower ion concentrations.  Bates Fork had 
a pH of 7.67 and conductivity of 476 uS/cm3.  Fonner Run had a pH of  7.91 and 
conductivity of 476 uS/cm3.  Chloride was very low in both samples at 1.7 and 6.0 mg/L 
for Fonner and  Bates respectively.  Sulfate and calcium were the major cations in both 
samples.  Sulfate measure around 25 mg/L for both samples.  The calcium  concentration 
was around 34 mg/L for both samples.  Concentrations of a barium, iron, strontium and 
other minor cations were very low (Table 4.1). 
4.2 Enrichment Medium Development 
 Flowback water enrichment medium was developed based on a late-stage 
flowback water assessment done by Blauch et al. 2009.  Ion concentrations were 
avearged  across the surface flowback volume (bbl) (Table 4.2a).  These concentrations 
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were then compared to other data within the Blauch et al 2009 study and with flowback 
water analyses done by Palmerton Group 2010 (Table 1.1).  All the major ions compared 
well between the studies.  The enrichment medium recipe was formulated based on the 
major ions - chloride, calcium, and sodium.  
 Chloride concentrations were used to determine the amounts of each medium 
component.  Thus, medium components were broken down based on the chloride 
contribution of major contributors (Table 4.2b). Levels of calcium were based on the 
alkalinity and total hardness in the flowback studies.  High levels of calcium are present 
due to the dissolved calcium carbonate in solution.  To mimic the high levels of calcium 
and water hardness, sodium bicarbonate was added to the medium recipe.  The 
bicarbonate, also, serves as a buffer in the medium so that the pH does not fluctuate as 
bacteria produce organic acids in the medium.  While phosphate was not found in the 
flowback studies, it was included a buffer and essential nutrient.  A vitamin and mineral 
mix (see methods) was also added to provide essential vitamin and mineral nutrients. 
 When making the simulated flowback medium, denoted as FRAC, issues with 
mineral precipitation were occuring.  The high levels of calcium and bicarbonate caused 
the precipitation of calcium carbonate.  In drilling conditions, the high pressure and 
temperature of the formation easily dissolves the calcium carbonate into solution.  
However, lab prepared medium need to be heated and acidified to dissolve any 
precipiate.  The acidification added additional chloride to the medium, which was 
apparent in ion chromatography analysis. After autoclaving the medium for sterilization, 


















Chloride  mg/L  54,000  59,000  62,900  67,800  60,925  43690 
Sulfate  mg/L  31  20  20  24  24  0 
Sodium  mg/L  26,220  28,630  31,810  35,350  30,503  24950 
Potassium  mg/L  1,119  1,201  1,350  1,480  1,288  700 
Calcium  mg/L  7,160  7,680  8,880  9,720  8,360  2,900 
Magnesium  mg/L  341  463  488  805  524  250 
Barium  mg/L  29  43  100  176  87  102 
Strontium  mg/L  1,110  1,305  1,513  1,837  1,441  1,590 
Iron  mg/L  63  66  72  78  70  44 
pH    6.22  6.08  5.98  5.88  6.0  5.5 
 
*Frac Medium   (1000 mL)  Chloride (g/L)  Cation (g/L) 
60 g  NaCl  36  23.8 
1.2 g  KCl  0.5  0.7 
8 g  CaCl2  5.1  2.9 
1 g  NH4 Cl  0.66  0.33 
1 g  MgCl2  0.75  0.25 
0.5 g  KH2PO4 
150 mg  BaCl2  0.0477  0.102 
100 mg  FeCl2  0.53  0.47 
2.75 g  SrCl2 * 6H2O  0.68  0.93 
4.2g  NaHCO3  NA  1.15 
Table 4.2: FRAC medium development and recipe. 
(A) Development of the FRAC medium recipe based on the Blauch et al. 2009 flowback study. 





4.3 Initial Enrichments 
4.3.1 Marcellus Flowback Enrichments 
Initially, two enrichments from each Marcellus Shale water sample were 
inoculated into flowback medium with medium amendments of yeast extract, lactate, 
acetate, or glucose.  The SWPA flowback (enrichment 1 and 2)  and Lone Pine 
impoundment pond (enrichment 1 and 2) samples produced growth after 24 hours of 
aerobic growth in all growth conditions.  The cultures grew aerobically on 1.0 g/L yeast 
extract alone at room temperature.   Additional growth was found on amendments of 20 
mM glucose, acetate, and lactate in the enrichment culture.  
The SWPA enrichment contained gram-negative bacteria with motile rods, non-
motile rods and motile curved rod morphologies (Figure 4.1b).  The curved rods formed 
into a helical shape as growth continued.  The LonePine cultures were grown on the same 
conditions as above with growth seen on all the tested substrates.  This enrichment had all 
gram negative bacteria as well.  Morphologies included motile and non-motile rods of 
varying size (Figure 4.1a).  There were also motile curved rods; however, they were not 
as abundant as those seen in enrichment one. Initial enrichments were maintained on 
yeast extract only.  As both enrichments grew aerobically, biofilm growth at the air-
medium interface was observed. After maintaining the flowback and coalmine water 
enrichments for a while, a biofilm at the air-medium interface began to form in several 
culture tubes.  These biofilms would form, periodically, when the tubes were allowed to 
grow without disturbance for a while (Figure 4.1b). Fragments of the culture tube 
biofilms were collected for scanning electron microsopy and analysis, which can be 
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created by injecting 10% v/v of the environmental water sample into the simulated 
flowback medium with amendments of yeast extract, lactate, glucose and thiosulfate 
(anaerobically). Growth was observed at room temperature in all conditions after twenty-
four hours.  The enrichments were maintained aerobically and anaerobically on 1 g/L 
yeast extract. Enrichments contained motile and non-motile rods of varying size.  A large 
number of curved rods were also observed in this enrichment culture.  Again, as growth 
continued aerobically, a biofilm began to form at the air-medium interface. In some 
cultures, if the enrichment tube was not disturbed, the biofilm would plug the tube.   
4.3.3  Other Enrichments 
Three more enrichment cultures were created after the initial Marcellus flowback 
and coal mine effluent enrichments.  Water from two freshwater streams, Bates Fork and 
Fonner Run, were used to attempt enrichments in the flowback medium to assess whether 
bacteria present in the freshwater streams were able to grow at high TDS.  Additionally, 
crushed roadside  rock salt was was injected into enrichment medium.  Roadside rocksalt 
was enriched to show whether any halophilic bacteria or archaea associated with the 
rocksalt could grow in high TDS flowback medium.  These enrichments served as 
comparison enrichments to determine whether the source material could be a potential 
source of the microbes in flowback water and the flowback enrichments.  Growth was 
observed in the Bates Fork and Fonner Run stream water enrichments after 72 hours.  
The predominant morphology observed were gram-negative rod shaped bacteria with a 
few coccus morphology cells observed.  Growth was also observed in the rock salt 
enrichment after 120 hours with rod shaped bacteria as the predominant morphology. 
Overall, the Bates, Fonner and rock salt enrichments did not appear to have a diverse 
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microbial community have viewing under the microscope (Figure 4.2).  These 






















4.5  Enrichment Growth Experiments 
4.5.1 Initial Enrichment Growth 
Initial enrichment cultures were grown aerobically on 1.0 g/L yeast extract.  Other 
amendments were initially used; however, yeast extract alone was enough to sustain all of 
the enrichment cultures.  The optical density of the culture was measured at 600 nm at 
varying time points to provide a basic growth curve of each enrichment culture.  The 
flowback enrichments, LP and SWPA, grew to an optical density greater than 0.3 after 
144 hours.  The bleeder shaft enrichment (BS5) only reached an OD of 0.175 after 144 
hours (Figure 4.3 ).  After more time (data not shown), the BS5 culture began growing to 
much higher optical densities, comparable to the flowback cultures.   
The Bates Fork (BR), Fonner Run (FR) and rock salt (RS) enrichments did not 
grow as readily on the simulated flowback medium. After 144 hours, the BR and FR 
reached a max OD of 0.118 and 0.101 respectively.  The BR and FR enrichments began 
to grow to a higher cell density after transferring cells to fresh flowback medium. The RS 
enrichment did not seem to be growing all, until some growth was observed after 120 
hours (Figure 4.3).  The RS enrichment was visualized under the microscope to verify the 
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 Following the initial salinity tolerance growth experiment, a second salinity test 
was designed to include a broader range with salinity values below 30 g L-1.  
Additionally, the first experiment lacked a longer testing period, where growth may have 
occurred at higher or lower concentrations.  Thus, for this second growth test, the LP, 
SWPA and BS5 enrichment cultures were monitored for growth over six days from 0 to 4 
M ( 0 - 232 g L -1) sodium chloride.  Concentrations were done in molarity for this 
experiment; however, a conversion table can be found below. From the triplicate data 
over six days, the highest average OD for each salt concentration was graphed and an 
analysis of variance (ANOVA) was completed (Figure 4.6).  ANOVA was done with 
Tukey's multiple comparison test to compare each condition against each other. 
 Growth occurred in every sodium chloride concentration over the six days.  
Cultures grown in 500-1500 mM NaCl grew faster than cultures grown at concentrations 
above and below those conditions.  The LP enrichment hit its maximum OD around 144 
hours for all conditions.  The SWPA culture varied from 96-144 hours in its maximum 
growth time.  The BS5 culture hit its maximum growth around 120 hours.  All 
enrichment cultures appeared to grow faster and to higher densities in the 500 to 1500 
mM (29 -87 g L-1); however,  ANOVA did not find any statistical difference from the 
lower concentrations to the middle concentration range (Appendix A). For the LP 
cultures, ANOVA found no significant difference between all growth conditions 
(Appendix A).  Growth at 4000 mM did appear to occur much slower and to a lower 
density than other LP salinity conditions.  In the SWPA flowback culture, maximum 
growth at 20 mM was significantly different from the 1000 mM; however, given the 
growth at 0 mM NaCl, this result is not significant (Appendix A).  Additionally, the 
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growth of the SWPA cultures at 750 mM, 1000 mM and 1500 mM was significantly 
different from growth at 4000 mM (Appendix A). This result does suggest that the 
SWPA culture has a maximum salinity tolerance of 4 M (232 g L-1).    
 The BS5 enrichment culture had much lower growth in the 2500 mM and 4000 
mM NaCl growth conditions.  ANOVA determined that all growth concentraions at and 
below 2000 mM were statistically different from the growth at the higher concentrations.  
This suggests a much lower salinity tolerance for the BS5 enrichment culture.  Overall, 
growth in the LP and SWPA flowback enrichment cultures reached a higher density than 
in the BS5 coal mine effluent enrichment at all of the concentrations.  The BS5 culture 
barely grew over an OD of 0.3 at 1000 mM NaCl, while the LP and SWPA cultures were 
able to grow to a maximum range of 0.3 to 0.4 in all conditions.  Growth in this salinity 
experiment does not compare well to growth in the first salinity study, where cell density 
reached and OD above 0.8. This may have resulted in different culturing methods 
between the two studies. 
 































4.6  Biofilm SEM Imaging Results 
4.6.1 LPBiofilm Results 
 The LP biofilm had a clear porous structure, as can be seen from the scanning 
electron micrographs (Figure 4.7).  Initially, the surface of the biofilm appeared to be a 
solid precipitate matrix.  However, at higher magnifications, it can be seen that the matrix 
is composed of all rod bacteria linked together.  The bacteria seem to form pores that 
might serve as routes of gas exchange between the air and medium.  The surface of the 
biofilm was analyzed for specific elemental composition using an EDAX spectral scanner 
in conjunction with the SEM.  The spectral scanner showed the presence of calcium, 
chloride, strontium, phosphorus and silicon on the surface of the biofilm (Figure 4.8).  In 
the elemental hypermap, the carbon was located predominantly in the areas dominated by 
bacterial masses (Figure 4.9b); while, the calcium was located primarily in the gaps 
between bacterial masses (Figure 4.9c).  Phosphorous, also, seems to predominate in the 
areas between the larger bacterial masses (Figure 4.9d).  Phosphorus and calcium, also, 
had the strongest spectral peaks.  The other elements, including chloride, strontium and 
silicon, did not follow a mapping pattern. Those elements appear fairly homogenous 
across the sample area (Figure 4.9). 
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4.7 Molecular Fragment Analysis (ARISA/RISA) 
Molecular profiling of the enrichment cultures involved optimizing DNA 
extraction, testing 16S rRNA primers, testing ARISA primers, optimizing PCR 
amplification, and learning how to utilize the programs mentioned in the above methods.   
Two different ARISA primer sets were used to amplify the intergenic spacer region.  In 
the first ARISA experiment, 1406F/23SR primer set was used for comparison of the 
initial flowback and coalmine enrichments.  Later, the ITSF/ITSReub primer set was used 
to do the community comparison again, but with culture-independent DNA from 
freshwater sources.   
4.7.1  ARISA  with 1406F/23SR 
 After the initial enrichment cultures began to grow, DNA was extracted for 
molecular fingerprint analysis. DNA from the LP and SWPA flowback cultures, as well 
as the BS5 coal enrichment was used for analysis. As a comparison, DNA extracted from 
the LP and BS5 source water was also used in the analysis to compare the banding 
patterns and selective pressures of the enrichment medium.  For ARISA, the 1406F/23SR 
primer set ((Fisher and Triplett, 1999) was used to amplify the intergenic spacer region of 
the 16S-23S gene region. This primer set overlaps with approximately 206 bp on the 16S 
rRNA gene and 114 bp on the 23S gene. Thus, any amplified bands must be greater than 
320 bp to represent the intergenic spacer region. 
 The LP source water (LP0) amplified a total of 77 OTUs (peaks) from 327 bp to 
1220bp, which represents intergenic spacer region of 7bp to 900bp.  The initial LP 
enrichment culture (LP1) amplified a total of 60 OTUs (peaks) from 327 bp to 1151 bp, 
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derived variable that explains the variance in the datum. ARISA PCA was done using 
two principal components, where PC1 best explains the datum based on the maximum 
variance and PC2 (orthogonal to PC1) best explains the unexplained datum in PC1.  
  This approach helps reveal common profiles between the samples by simplifying 
the data.  PCA on the ARISA data sets revealed similarity between the enrichment 
cultures (Figure 4.18). All three data views (peak height, peak area and binary) yielded 
similar profiles where the flowback enrichment cultures grouped together.  The LP 
source water grouped with the LP and SWPA enrichment. The SWPA source water did 
not group with the other flowback enrichments, but this may have been due to the lack of 
amplification in this sample.  Comparing the larger data clouds to the SWPA source 
water is difficult when only 11 OTUs were amplified.  PCA revealed the same flowback 
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enrichments using the same flowback source water were done months later in an attempt 
to enrich again.  These enrichments were LP2 and SWPA2.  With the establishment of 
new enrichments from the flowback water, ARISA molecular analysis was done again to 
compare the enrichment cultures against bacterial DNA from several freshwater sources.   
These freshwater streams were Fonner Run, Bates Fork, Ten Mile Creek and the 
Monongahela River.  All of these streams are located in Southwestern Pennsylvania, 
where a high degree of Marcellus Shale drilling activity is occurring.  It was 
hypothesized that molecular fingerprints between the freshwater streams and flowback 
enrichments should have distinct banding patterns that could be used for molecular 
ecology purposes.   
For the second round of ARISA, the ITSF/ITSReub primer set (Cardinale et al., 
2004) was used for ITS amplification.  The ITSF/ITSFreub primer set was recently 
compared against the 1406F/23SR primer sets; and, the ITS set was found to have less 
preferential binding, thus a more accurate estimate of overall diversity (Kovacs et al., 
2010).  After amplification of the ITS with the ITSF/ITSReub primer set,  PCR products 
were run on a 10% TBE gel to produce clear band distinction for ribosomal intergenic 
spacer analysis (RISA).  In RISA, gel banding patterns are used, instead of a genetic 
analyzer, to assess the community diversity and similarity between samples.   For RISA, 
all the samples analyzed were successfully amplified and visualized on a gel (Figure 
4.19).  All the samples had distinct amplified ITS regions ranging from between 300 and 
1500 bp.  There was some banding greater than 1500 bp, but they were not very distinct 
bands.   
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Visually, the flowback samples appear to have very similar banding pattern, as 
does the BS5 coal mine samples.  Comparing the enrichment cultures to the source water 
DNA, one can clearly observe several dominant bands at the same length.  The SWPA 
source water amplified much better in this round, which could be due to the decreased 
preferential binding of this primer set.  The newer SWPA enrichment (SWPA2) seemed 
to have the same ITS bands as the first SWPA enrichment, which suggests that the same 
community members persisted in the source water till the next enrichment.  Additionally, 
the LP enrichments look very similar. The newer LP enrichment (LP2) has the same 
major bands but fewer overall bands, which may suggest that only some of the 
enrichment community members survived in the source water over time.  While the 
flowback source water and enrichment cultures had very clear banding, the freshwater 
stream samples did not produce very clear banding patterns.  Banding was sporadic in 
these samples with no particularly dominant bands.  The majority of stream OTUs 
clumped in the 500 bp to 1000 bp range.  Sporadic banding may be due to lack of a 
predominant microbial community member in the samples.   
The RISA gel image (Figure 4.19) was then used for banding pattern analysis in 
the Quantity-One software (Bio-Rad, , Hercules, CA, USA).  Banding patterns of the 
RISA gel were then used to generate hierarchical cluster diagrams based on the variance 
in banding size and intensity to assess the visual similarities observed.  Clustering was 
done with the unweighted pair group method (UPGMA) and weighted pair group method 
(WPGMA) using the dice coefficient of similarity.  Dendogram analysis using either 
grouping method resulted in the grouping of the flowback samples together (Figure 4.20).  
The LP and SWPA enrichment cultures, along with the SWPA source water, grouped 
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together.  The LP source water did not cluster with these samples though.  It clustered 
with the Ten Mile/Mon water samples, despite having a visually similar banding pattern 
as the other LP enrichments (Figure 4.20).   
The bleedershaft source water and enrichment cultures do not seem to have a 
particular clustering pattern.  The BS aerobic and anaerobic enrichments tended to group 
together; however, the source water clustered with the Ten Mile Creek and Fonner Run 
samples.  There are several similar bands in the 500-900 bp range that match between 
these samples. The major bands in the BS5 enrichments are evident in the source water 
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 The ITSF/ITSReub PCR products used for RISA were also used for ARISA.  The 
primer set also had a fluorescent tag, which allows the samples to be run on a genetic 
analyzer.  While all the above samples amplified as shown in the RISA gel, several 
samples were not successfully analyzed on the genetic analyzer after several attempts. 
This may be due to a change over in the genetic analyzer equipment, which changed the 
processing method slightly. Despite some failed runs, the following sample were 
successfully analyzed: LP1, LP2,  SWPA, SWPA2, BS source water (67), BS5 aerobic, 
BS5 aerobic, Fonner, Ten Mile and Monongahela.  Unfortunately, the source water 
samples for LP and SWPA were not successfully analyzed.   
 As before, heat maps of the analyzed ITS region data were generated based on 
peak height, peak area and binary (presence/absence) (Figure 4.21).  With so many 
samples in the heat map, visual analysis becomes a little more difficult; however, several 
banding patterns can be noted.  Both sets of flowback water enrichments have very 
similar banding patterns.  As seen in the RISA gel, the new LP enrichment (LP2) did not 
yield as many OTUs as the initial enrichment (LP1).  There were only 33 OTUs versus 
78 OTUs in the first.   Again, this may suggest a loss of enrichment diversity due to 
source water bacterial survival.  The same drop in OTUs is apparent in the SWPA 
enrichments, where the initial has 60 OTUs and the second enrichment only had 45 
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 With so many varying banding patterns to assess in the heat maps, the use of 
principal component analysis becomes extremely important.  As the number of samples 
increases, the number of variables (OTUs) that must be compared increases 
tremendously.  PCA allows us to visualize the data in a much simpler form. Therefore, 
PCA plots of the ITS peak area, peak height and binary information were generated to 
determine any similarity between samples.   
 In all of the PCA plots, the flowback enrichment cultures clustered together 
(Figure 4.22). The binary PCA plot was more sporadic with less clustering than the peak 
height and peak area. Binary datum removes the intensity variable from the data set, 
which greatly diminishes the differences between samples.  While the BS5 enrichment 
clustered together, the BS5 source water (067) did not group with the enrichments.  The 
banding pattern in the BS5 source water, also, appeared very different from the BS5 
enrichments in the heat map and RISA gel.  The difference in banding and band intensity 
may have resulted from selective pressures of the enrichment medium. For the freshwater 
stream samples, Ten Mile Creek and Monongahela samples clustered together.  Fonner 
Run did not cluster with these freshwater samples. Ten Mile and Monongahela samples 
would be expected to cluster since Ten Mile Creek is a large tributary of the 
Monongahela River.  Fonner Run is a tributary of Ten Mile; however, it's a much smaller 
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4.7  Molecular 16S rDNA Sequencing  
 Following ARISA studies, 16S rDNA sequencing was necessary to determine the 
possible enrichment culture community members.  Sequencing began with testing several 
16S rRNA gene primer sets.  These included bacteria and archaea specific primer sets in 
an attempt to amplify partial 16S rDNA  of the different enrichment cultures (Table 3.2).  
The following enrichment cultures were used for sequencing: Lone Pine (LP), Southwest 
Pennsylvania (SWPA), Bleedershaft (BS5), Fonner Run (FR), Bates Fork (BR) and rock 
salt (RS).   
 From the enrichment culture DNA the following primer sets were tested: 
8F/U1510R, 109F/915R, 344F/915R and 4aF/U1510R.  The 8F/U1510R set is a 
universal 16S rRNA gene primer set that gave excellent amplification of all the 
enrichment samples. PCR product from this amplification was used for 16S rDNA 
sequencing. The universal primer 534R was used to sequence part of the 8F/U1510R 
product.  The other primer sets tested, 109F/915R, 344F/915R, 4aF/U1510R, are 
designed to be archaea specific.  For any of the archaea specific primer, the LP, SWPA 
and BS5 enrichment cultures did not yield amplification of the correct PCR product.  
Some non-specific binding of the primers were seen.  In the FR, BR and RS enrichments, 
there was clean amplification using the 109F/915R primer set. The 109F primer was then 
used to sequence a portion of the 109F/915R PCR product, along with the 8F/U1510R 






4.7.1 SWPA Enrichment  
 Sequencing clones for the SWPA flowback enrichment yielded sequences from 
Alphaproteobacteria and Gammaproteobacteria based on the BLAST and RDPII 
database. The major genera sequenced were Thalassospira, Idiomarina, Halomonas  , 
Halanaerobium and the family Clostridaceae. Several uncultured bacterium sequences 
were obtained with no specific sequence hits.  Thalassospira hits had similarity to T. 
xiahensis, T. xiamensis, T. profundimaris and T. tepidiphila. Clones with hits in the 
Halomonas   genera were similar to H. taeanensis and H. maura.  Clones with hits for the 
Idiomarina genera were similar to I. baltica and I. fontislaposida. The SWPA clone with 
hits for the Halanaerobium genera had closest similarity to Halanaerobium 
acetethylicum.  The SWPA clone from the Clostridaceae family had the highest similarity 






Figure 4.23: Phylogenetic tree of aligned sequencing results for the SWPA enrichment. 
The tree was built with RDP Tree Builder from approximately 500 bp partial 16S rDNA sequences, which were aligned by the RDP aligner and uses a Jukes-
Cantor distance model to construct a distance matrix (Cole et al., 2007).  RDP Tree Builder uses Weighbor, a weighted neighbor joining phylogeny tool (Bruno 
et al., 2000). Tree bootstrapping process is also repeated 100 times to generate a majority consensus tree. Boostrap values below 50% are not shown.  Pantoea 
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4.7.2 Lone Pine Enrichment  
Lone Pine clones had 500-700 bp sequenced from the 16S rDNA gene insert.  The LP 
flowback enrichment clones yielded 16S rRNA gene sequences from 
Alphaproteobacteria, Epsilonproteobacteria, and Gammaproteobacteria.  Within 
Alphaproteobacteria, clones were most similar to several species of the genus 
Thalassospira, which was also found in the SWPA enrichment. Within 
Epsilonproteobacteria, clones were most similar to species of the genus Arcobacter.  
Clones were most similar to Arcobacter marinus, Arcobacter. halophilus, and Arobacter 
sp. solar lake. Clones within Gammaproteobacteria had similarity to organisms in the 
family Halomonadaceae and Vibrionaceae. Clones in the Halomonadaceae family 
closely resembled species within the Halomonas   genus, including Halomonas   
taeanensis.   This bacterial strain was also found in the SWPA enrichment.  Finally, one 
clone within the family Vibrionaceae closely resembled Salinivibrio costicola.  





Figure 4.24: Phylogenetic tree of aligned sequences from the LP enrichment culture. 
The tree was built with RDP Tree Builder from approximately 500 bp partial 16S rRNA gene sequences, which were aligned by the RDP aligner and uses a 
Jukes-Cantor distance model to construct a distance matrix (Cole et al., 2007).  RDP Tree Builder uses Weighbor, a weighted neighbor joining phylogeny tool 
(Bruno et al., 2000). Tree bootstrapping process is also repeated 100 times to generate a majority consensus tree. Boostrap values below 50% are not shown.  















































4.7.3  Bleeder Shaft Enrichment 
 Sequencing clones for the Bleeder Shaft enrichment cultures varied in sequence 
quality from 200-600 bp. The quality of the BS5 sequences did not allow for the 
generation of a phylogenetic tree, due to limited comparable positions between each 
clone was not sufficient.  Sequence data for bleedershaft clones can be found in 
Appendix A and Appendix B. Overall, the BS5 enrichment yielded several hits from the 
NCBI BLAST and RDPII search for Bacteroidia, Alphaproteobacteria and 
Deltaproteobacteria classes. BS5 aerobic culture clones had similarity to the genus 
Thalassospira and Vibrio. Thalassospira sequence clones were most similar to 
Thalasssopspira lucentensis, Thalasssopspira xiamenensis, Thalasssopspira sp.MA14, 
 and marine proteobacterium MS-715(AM423074).  The BS5 vibrio clone was most 
similar to Vibrio furnissi and Vibrio ponticus.  BS5 anaerobic culture clones had 
similarity to the genus Desulfovibrio, Bacteroides, and Pelobacter.  Several clones had 
similarity to Desulfovibrio dechloracetivorans and Desulfovibrio aespoeenensis. Clones 
within Bacteroides were most similar to Bacteroides finegoldii, Bacteroides oleiciplenus 
and several uncultured bacteroides bacterium.  The Pelobacter clone was most similar to 
Pelobacter acetylenicus, Pelobacter carbinolicus and Pelobacter venetianus.  
 
 
4.7.4 Bates Fork, Fonner Run and Rock Salt Enrichment 
 Bates Fork enrichment clones gave hits within Gammaproteobacteria of 
proteobacteria phylum and Bacilli of the Firmicutes phylum.  All clones from the 
8F/U1510R primer set yielded bacteria similar to the genus Pantoea within the family 
Enterobacteriaceae. Clones were most similar to Pantoea cypripedii and Pantoea 
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ananatis.  Clones from the 109f/915r archae primer set did not yield any archaea species.  
It did yield one hit for a bacillus within the Firmicutes phyla. Bacillus matched closest to 
Bacillus megaterium (Figure 4.25).   
 Fonner Run enrichment clones yielded similar results with members of 
Gammaproteobacteria and Actinobacteria.  Clones from both the 8f/1510r and 109f/915r 
primer amplification yielded members of the genus Arthrobacter.  Clones were most 
similar to Arthrobacter nicotianae and Arthrobacter sp. TM5-1. Fonner Run clones were 
also similar to members of the genus Pantoea and Erwinia, which are members of the 
Enterobactericiaeae family.  Clones were most similar to Pantoea ananatis, Pantoaea 
agglomerans, Erwinia persicinal, and Erwina billingiae (Figure 4.27).   
 The rock salt enrichment produced clones within the Firmicutes phyla using both 
the 8f/U1510r and 109f/915r primer sets. Clones most closely resembled members of the 
genus Bacillus and unclassified Bacillales, despite 16S rDNA amplification using archaea 
specific primers.  The unclassified Bacillales included Sporolactobacillaceae bacterium 
b09s-2 and uncultured compost bacterium 4-12.  Within the Bacillus genus, clones 
resembled Bacillus nibbensis and Bacillus sp. KT-1 (Figure 4.26).  No other clones 













Figure 4.26: Phylogenetic tree of aligned sequences from the rock salt enrichment. 
The trees were built with RDP Tree Builder from approximately 500 bp partial 16S rRNA gene sequences, 
which were aligned by the RDP aligner and uses a Jukes-Cantor distance model to construct a distance 
matrix Boostrap values below 50% are not shown.  Halomonas taeanensis was chosen as an outgroup.
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Figure 4.27: Phylogenetic tree of aligned sequences from the Fonner Run enrichment. 
 
The trees were built with RDP Tree Builder from approximately 500 bp partial 16S rRNA gene sequences, which were aligned by the RDP aligner and uses a 
Jukes-Cantor distance model to construct a distance matrix Boostrap values below 50% are not shown.  Halomonas taeanensis was chosen as an outgroup.
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Chapter 5 - Discussion 
5.1 Water Analysis  
 The flowback water samples provided for this study resemble the composition of 
ions typically found in Marcellus Shale produced water. Marcellus Shale produced water 
has high TDS levels composed of sodium, calcium and chloride.  The LP and SWPA 
samples had typical high levels of sodium, calcium and chloride with elevated levels of 
bromide.  Brines from the Marcellus Shale have a bromide to chloride ratio greater than 
seawater (Blauch et al. 2009).  Bromide is found throughout the Appalachian formations 
at a high bromide/chloride ratio, since bromide does not precipitate during halite 
formation (Kight, 2011).  
  The source of this brine fluid in the Marcellus is unknown, but  may be from 
vertical fracturing past the Marcellus contacts.  It's also possible that the Marcellus has its 
own brine fluid trapped within tight pore spaces.  Whichever the case, the Appalachian 
Brine fluid has elevated levels of bromide that make bromide a clear indicator Marcellus 
produced water.  Both flowback samples had high levels of bromide with 255 and 226 
mg/L in each. Bromide levels are usually not detectable in freshwater samples, unless 
Marcellus produced water has been released.  No bromide was detected in  the Bates and 
Fonner Run water samples tested.  There was, however, bromide detected in the coal 
mine effluent sample (~14 mg/L).  Whether this bromide is due to a release of Marcellus 
produced water into the mine is yet to be determined.  However, in a study done by 
Charles Cravotta (2008) with the USGS, 140 coal mine discharges (CMDs) were 
assessed for their geochemical constituents. In the 100th percentile of CMDs, bromide 
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was only found at a maximum of 0.6 ug/L.  From all 140 CMDs, bromide ranged from 
0.003 to 0.6 ug/L (Cravotta, 2008).  Given the low levels of bromide typically found in 
CMDs and the high level of bromide in analyzed bleeder shaft sample, the bleeder shaft 
water may contain Marcellus produced water. 
 Overall, the produced water and coal mine had high levels of TDS, while the 
freshwater stream samples had very low levels.  It's important to distinguish Marcellus 
TDS from coal mine TDS.  Flowback water tend to have high levels of sodium, calcium 
and chloride, yet low levels of sulfate.   Sulfate levels are typically high in coal mine 
drainage.  The flowback water samples tested had very little sulfate (~8-10 mg/L) 
compared to the bleeder shaft mine sample (~3,800 mg/L).  The freshwater stream 
samples had higher levels of sulfate than the flowback water, which is most likely due to 
abandoned mine drainage (AMD).  Sulfate from coal mine drainage has been a source of 
high TDS inputs into freshwater streams for decades in Pennsylvania.   
 Strontium, a rare earth metal, is found in higher concentration in brine fluid due to 
the dissolution of strontianite (SrCO3) in the Oriskany and Upper Devonian brine samples 
(Blauch et al. 2009).  This contributes greatly to the concentration of strontium in 
Marcellus produced water.  Data from this study shows elevated strontium in both 
flowback water samples and the bleeder shaft CMD sample.  The presence of elevated 
strontium in the bleeder shaft sample, again, suggests that this mine may contain 
discharged Marcellus produced water. Strontium levels in western Pennsylvania were 
found to range from 27-3600 ug/L by Cravotta (2008), which is much lower than the 768 
mg/L found in the BS5 sample analyzed.  Additionally, calcium was elevated in the 
flowback and coal water samples.  Calcium levels ranged from 19-410 mg/L in the 
 104 
 
Cravotta (2008) CMD study.  In bleeder shaft sample analyzed, calcium was measured 
over 7000 mg/L. This further suggests the mixing of Marcellus produced water in this 
mine. 
  
5.2  Characterization of Enrichment Cultures 
 It was initially hypothesized that microbes present in flowback water would 
remain viable and cultivable. Thus, based on the discussed water chemical analysis and 
previous produced water studies, the simulated flowback medium was developed.  This 
medium was used to enrich for microbial growth from several environmental samples.  
Growth was obtained in all enrichment conditions, including the freshwater stream 
samples.  However, growth was minimal in the freshwater samples and rock salt 
enrichment.  The flowback water samples grew rapidly after 48 hours, eventually 
reaching an OD > 0.3.  The coal mine enrichment grew well in the enrichment medium, 
but did not reach the same initial biomass as the flowback samples.  Differential 
microbial growth from these water sources in the simulated flowback medium suggests 
that microbes from LP, SWPA and BS5 samples were specifically adapted to growth in 
this medium.  
 Additionally, it was hypothesized that microbes able to survive in the flowback 
water and grow in the enrichment medium would be moderate to extreme halophiles.  
Microbes grown from the freshwater stream samples and rock salt are most likely 
halotolerant or slight halophilies.  Their growth is inhibited at the higher salinities found 
in the designed enrichment media.  When further salinity growth studies were conducted 
on the LP, SWPA and BS5 cultures, it was found that all were able to grow over a wide 
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range of NaCl concentrations (0-4000 mM).  The cultures grew fastest in the750-1500 
mM range, which may suggest that the microbes in the enrichment grow optimally at that 
concentration.  However, the enrichment medium could have selected for or conditioned 
microbes to grow optimally at NaCl of 1000 mM (~58 g/L).  Alternatively, the cultures 
may have been acclimated to that concentration, thus the cultures grew faster around that 
range.  It's important to note that 0 mM NaCl growth condition did not represent a low 
TDS medium; and that the medium still had relatively high levels of calcium and chloride 
from other constituents.  There was also sodium from the sodium bicarbonate in the 
medium, which is an important ion in determining halophilic nature. The bicarbonate 
contributed approximately 1.6 g/L of sodium to the medium.  As mentioned in the 
background, halophilic microbes are able to withstand high TDS conditions by excluding 
sodium from the cytoplasm (Le Borgne et al., 2008). Thus, this salinity tolerance study 
may have been affected by the presence of sodium in the basal medium.   
 The ability of the enrichment microbes to grow without sodium in solution was 
not fully tested. Therefore, the salinity tolerance of the enrichment microbes was not 
sufficiently tested to determine a lower tolerance range.  Additionally, it's important to 
remember that the cultures contain multiple species and possibly multiple strains.  Each 
specie and strain would have varying salinity requirements that differ from each other.  
Thus, the salinity test can only give a general range of the entire culture and not specific 
strains.  Less predominant members at 60 gL-1 might dominate at lower concentrations, 
thus showing overall enrichment growth.  The salinity study show that growth of the 
entire enrichment community was inhibited above 4 M NaCl.  Overall, the ranges tested 
compares with the salinity tolerance of moderate halophiles. 
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 Not only were the cultures able to survive at a wide range of salinities, they were 
able to form surface biofilms.  The two flowback and bleedershaft cultures exhibited 
similar biofilms, which would only in culture tubes with low air-media surface area and 
plenty of time.  Hypothetically, these biofilms were only forming once the cultures 
depleted the dissolved oxygen in the media.  With no shaking and a low surface area, the 
biofilm probably inhibited gas exchange between the headspace and medium.  This 
suggests that the cultures were facultative anaerobes. SEM elemental analysis of the 
biofilms showed a high concentration of strontium and calcium in the flowback 
enrichment biofilms.  The precipitation of calcite with strontium co-precipitation is a 
mineral formation process that has been seen in many oil and gas industrial settings.  
Formation of biofilms in unconventional gas drilling can cause plugging and corrosion of 
the well, flow lines and storage tanks (Fichter et al., 2008). Biocides can have a difficult 
time penetrating biofilms, making it harder to kill the communities associated with them 
(Fichter et al, 2008).  The calcite and strontium precipitation have environmental 
applications, such as aquifer decontamination and heavy metal co-precipitation (Gerlach 
et al., 2009).  
5.3 Molecular Analysis of Enrichment Cultures 
Ribosomal Intergenic Spacer Analysis 
 It was initially hypothesized that flowback enrichment cultures would contain a 
diverse community of halophilic microbes.  Both the LP and SWPA flowback 
enrichments yielded diverse enrichments.  Based on ARISA with the 1406F/23SR primer 
set, the LP enrichment (LP1) had a comparable number of OTUs with the source water 
(LP0).  LP1 had 60 OTUs versus 77 OTUs.  The difference in the LP enrichment could 
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be due to selective pressures of the medium.  Additionally, it could be due to viability or 
cultivability of the microbes in the source water.  The SWPA enrichment (SWPA1) had  
53 OTUs versus only 11 OTUs in the SWPA source water (SWPA0).  The difference was 
alarming at first; however, the difference could be due to the lack of DNA from this 
sample.  Thus, microbes with little prevalence in the source might not be represented in 
the molecular analyses.  Enrichment may have caused the proliferation of several less 
predominant organisms.  
 Enrichments of the BS5 coal mine source water, also, yielded a diverse 
community.  For this enrichment, an anaerobic condition was inoculated to compare 
enrichment diversity.  The aerobic BS5 enrichment was much more diverse (56 OTUs) 
versus the anaerobic enrichment (8 OTUs).  This may be due to the lack of electron 
donor/acceptors in the anaerobic enrichment.  Initially, thiosulfate and sulfate were 
amended in the anaerobic cultures, which would select for sulfate reducing bacteria 
(SRB).   Thus, the anaerobic conditions may have prohibited a more diverse enrichment 
culture form growing.  The BS5 aerobic enrichment did share several OTUs with the LP 
and SWPA cultures. While the major OTUs in BS5 enrichment were not shared, there 
were several less predominant OTUs shared (13 OTUs).  This may be similar bacterial 
species that are common to industrial wastewater.  Additionally, they could be similar 
bacterial species from Marcellus produced water, since the bleeder shaft water has 
characteristics of diluted Marcellus produced water. 
 PCA of the 1406f/23Sr primer set showed the flowback enrichment cultures 
grouped together along with the LP source water.  The SWPA source water did not group 
with the enrichments; however, this may, again, be due to the low number of OTUs 
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amplified.  The accuracy of PCA relies on a large data.  Additionally, the BS5 
enrichments did not cluster with the flowback enrichments, since the majority of the BS5 
datum (30 OTUs) did not match with the flowback cultures.   
 Similarity between the two flowback enrichments was seen, again, with the 
ITSF/ITSReub primer set.  The RISA gel of the samples showed similar banding pattern 
across all the flowback cultures.  RISA gel dendograms confirmed this similarity by 
clustering all the flowback samples together on the tree, except for the LP source water.  
Using PCA, the flowback enrichments also clustered together to confirm their similarity.  
The BS5 samples did not cluster with the flowback cultures though.  The use of two 
separate ribosomal intergenic spacer analysis primer sets has confirmed that flowback 
enrichments contain very similar microbial communities.  This similarity could be due to 
the selective nature of the enrichment medium.  Overall, RISA and ARISA analysis 
confirmed that a diverse microbial community exists in the enrichment cultures.  
Enrichment Community Member Identities 
  To determine the identification of microbial community members, either  
bacterial and archaeal, 16S rRNA gene sequencing was done. No archaea species were 
found in any of the enrichment cultures, despite trying to use multiple sets of archaea 
specific primers.  This could be due to the lack of archae or the inability to cultivate these 
species.  The latter is probably the reason for the lack of archae species in the enrichment.  
Archaea methanogens have been found previously in Marcellus produced water (Mohan 
et al. 2011).  
 Despite not cultivating any archaea, the flowback enrichments did produce 
diverse bacterial cultures with sequence hits spanning several classes, including 
 109 
 
Alphaproteobacteria, Gammaproteobacteria, Epsilonproteobacteria, and Clostridia. 
Interestingly, most of the clone identities resembled halophilic bacterium isolated from 
hypersaline environments and oil/gas related areas (Table 5.1).  The bleedershaft coal 
enrichment had sequence hits for Bacteroidia, Alphaproteobacteria, and 
Deltaproteobacteria.  As expected, several SRB of the Deltaproteobacteria were 
cultivated in the enrichment medium, due to the prevalence of sulfate and reductive 
conditions typically found in abandoned coal mines.  
 Interestingly, several clones resembled members of Thalassospira, which were 
also seen in the flowback enrichments, including the bleedershaft.  The presence of 
Thalassospira may further suggest that the bleeder shaft coal-mine drainage may be 
contaminated with Marcellus flowback water injected into the mine. Clones resembling 
several members the Thalassospira genus were found in the LP, SWPA and BS5 
cultures.  Thalassospira species can survive in a broad range of salinities, typically up to 
10% NaCl (Liu et al., 2007; Lopez-Lopez et al., 2002). Many members of the genus have 
been discovered associated with hypersaline environments, including oil-polluted saline 
soils, waste oil pools, Mediterranean Sea, and deep sea sediments(~4480 m) (Table 5.1) ( 
Liu et al., 2007; Lopez-Lopez et al, 2002).  Additionally, Thalassospira sp. has been 
found in deep sea sediments of the Atlantic ridge at a depth of 3542 m (Cui et al., 2008).  
Thalassospira sp. isolated from these deep sea sediments were even found to degrade 
polycyclic aromatic hydrocarbons (PAH).  As a halophilic, polycyclic hydrocarbon 
degrader, Thalassospira bacterium could survive in the deep subsurface brines in and 
surrounding the Marcellus shale. It's possible that members of Thalassospira originated 
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from the subsurface Marcellus brine water that has migrated over-time through several 
formations. However, their exact origin cannot be determined from this study alone.  
 Other clones from LP and SWPA resembled halophilic bacterium from 
hypersaline environments.  LP and SWPA both had clones resembling Halomonas 
taeanensis, which was isolated from a solar saltern in Taean, Korea (Lee et al. 2005) 
(Table 5.1).  Halomonas   taeanensis is a moderate halophile, able to grow in a range of 
1-25% NaCl. Members of the genus Halomonas  have also been found in the deep 
subsurface and hypersaline thalassal environments.  Several Halomonas species are able 
to degrade aromatic compounds, as well (Llamas et al. 2006).  For example, Halomonas 
organivorans is able to degrade many aromatic compounds, including phenol(Garcia, et 
al. 2004). Others, like Halomonas meridiana, are able to degrade crude oil with a PAH 
mixture in consortium with other microbes. The consortium included members of 
Thalassospira, Marinobacter, Alcanivorax and others (Cui et al. 2008). Furthermore, 
Halomonas spp., isolated from a salt brine in Argentina, is able to degrade different 
hydrocarbon compound, including a gas-oil mixture (D'Ippolito et al., 2011).  Another 
strain of Halomonas, isolated from oil field production water, was shown to grow on 
crude oil and degrade hydrocarbons efficiently (Mnif et al., 2009).  The presence of 
halophilic genus Halomonas in both LP and SWPA enrichments is not surprising given 
the genus' ability to grow on several hydrocarbon sources.  Since this genus is associated 
with many extreme environments, such as the deep subsurface and saline pools, it seems 
plausible that the enrichment members resembling Halomonas species could originate 
from the brine of the Marcellus shale.  
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 In the LP enrichment, there were additional clones that resembled members of 
Arcobacter and Salinivibrio.  Arcobacter organisms are unique in Epsilonproteobacteria, 
since they can be found in animal and environmental sources (Donachie et al., 2005).   
The species with closest resemblance to the LP clone were Arcobacter marinus, 
Arcobacter sp. solar lake, and Arcobacter spp. These species were all isolated from 
environmental sources, including surface sea-water, Solar Lake, and an oil field (Table 
5.1).  Members of Arcobacter have also been found associated with a biodegraded oil 
reservoir, oilfield production waters and other petroleum related environments 
(Grabowski et al., 2005; Sette et al., 2007). A LP enrichment clone similar to Salinivibrio 
costicola of Gammaproteobacteria was also found.  Salinivibrio costicola is a facultative 
anaerobic bacterium able to grow in 0-12.5% NaCl, which was isolated from a 
hypersaline pond (Huang et al., 2000).  Other species of Salinivibrio have also been 
found in hypersaline lakes.   
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Class  Genus  specie  BLAST % Identity 
Maximum 
Enrichment  Source Reference
Alphaproteobacteria  Thalassospira  xianhensis 96 LP, SWPA, BS5  Oil‐polluted saline soil Zhao, 2010
  Thalassospira  xiamenensis 97 LP, SWPA, BS5  Waste oil pool Liu, 2007
  Thalassospira  lucentensis 96 LP, SWPA, BS5  Mediterranean Sea ‐ 100 m Lopez‐Lopez, 
2002 
  Thalassospira  profundimaris 97 LP, SWPA, BS5  Deep sea sediment ‐ 4480 m Liu, 2007
   
Gammaproteobacteria  Halomonas    taeanensis 98 LP, SWPA  Solar Saltern Lee, 2005
  Salinivibrio  costicola 99 LP Hypersaline pond‐Death Valley Huang, 2000
  Idiomarina  baltica 98 SWPA Baltic Sea ‐ surface water Brettar, 2003
  Idiomarina  fontislapidosi 98 SWPA Hypersaline wetland Martinez‐
Canovas, 2004 
   
Epsilonproteobacteria  Arcobacter  marinus 97 LP East Sea, Korea ‐ surface water Min Kim, 2010
  Arcobacter  sp. Solar Lake 97 LP Sinai, Egypt ‐ Solar Lake Teske,1996
  Arcobacter  spp. 92 LP Oil Field Gevertz, 2000
   




Table 5.1:  Summary of major bacterial species found in the enrichment cultures.
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 The SWPA enrichment had additional clones resembling the genus Idiomarina of 
Gammaproteobacteria and Halanaerobium of Clostridia.  Idiomarina clones resembled I. 
baltica and I. fontislapidosi, which were isolated from Baltic Sea surface water and a 
hypersaline wetland, respectively (Brettar et al., 2003)(Martinez-Canovas, 2004). Most 
species of the genus Idiomarina have been isolated from deep-sea sediments. Clones 
similar to Halanaerobium were most similar to H. acetethylicum, which was isolated 
from oil field production water. Species of Halanaerobium are heterotrophic, moderate 
halophiles that are able grow around 10% NaCl. 
 Overall, clones from the flowback enrichments all resemble halophilic microbes 
that were isolated from deep sea sediments, hypersaline pools and oil related activities.  
Additionally, many of these related species are capable of degrading a wide range of 
hydrocarbons, including aromatic hydrocarbons.  Interestingly, most the genera 
discussed, including Halomonas, Idiomarina, and Thalassospira have been found 
associated with a corrosive biofim in a steel pipeline used to inject water into an oil 
reservoir (López et al., 2006).  These biofilms formed without the presence of sulfate 
reducing bacteria.  These genera may be responsible for the biofilm growth seen in the 
flowback water and bleedershaft enrichments; and, could be responsible for the biofilm 
metal corrosion occurring down the hole during Marcellus drilling operations.  
 Given the depositional history of the Marcellus Shale, the origin of the microbes 
associated with the flowback water could be from within the Marcellus or brine fluids 
from other formations (i.e. Oriskany) that have intruded into the Marcellus (Blauch et al., 
2009).  Most clones resembled halophilic microbes from deep sea, subsurface and 
hypersaline environments, which makes their origin from within the Marcellus more 
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plausible. Originating from freshwater sources is highly unlikely given their salinity of 
the flowback enrichment microbes. Most freshwater microbes able to survive in flowback 
water would be enteric Enterobactericiacae and soil associated Arthrobacter and 
Bacillaceae,  as shown from the Fonner, Bates and rock salt enrichments.  While some 
halophilic microbes could originate from drilling mud, Structemyer et al. 2011 showed 
that microbes associated with drilling mud were mainly thermophillic, sulfate reducing 
lineages.   
 Within the Marcellus Shale, a consortium of these microbes would be able to 
degrade many complex organic molecules.  In situ, methane could be produced 
biogenically with the presence of fermenters, syntrophic acetogens and methanogens 
(Huang et al, 2008).  This study has revealed the presence of several halophilic 
fermentative and acetogenic bacteria associated with Marcellus produced water. While no 
methanogenic archaea were successfully cultured from the production water, the presence 
of these methanogens in flowback water has been shown by Mohan et al. 2011.  Given 
the joint fractures found across the formation and the generation of new fractures from 
hydraulic fracturing,  its plausible that consortium of these microbes could become 









Chapter 6 - Summary and Future Direction 
 The overall objective of this study was to enrich for halophilic microorganism 
associated with Marcellus Shale flowback water. Given the mix of minerals and organics 
present in flowback water, the proliferation of halophilic microbes from produced water 
samples was not surprising. This study has shown that a diverse community of microbes 
from an impoundment water sample, flowback water sample, and coal mine discharge 
were able to grow on a synthetic flowback media.  The high TDS of the media along with 
further salinity studies has shown that enrichment microbes are moderate halophiles that 
can grow aerobically on several carbon sources.  
 Molecular fingerprinting provided a diverse community snapshot of the 
impoundment enrichments; and, has shown community differences between the 
impoundment enrichments, coal mine discharge and freshwater stream samples.  
Molecular fingerprinting has proven to be a quick means of comparing the microbial 
content of environmental water samples in this study.  Identification of the predominant 
community members provided further insight into the origin of and metabolic capabilities 
of the microbes.  The identification of Halomonas, Thalassospira and other halophilic 
hydrocarbon degrading species within the enrichments suggests the potential presence of 
these microbial species within gas bearing shale formations.  In fact, identified 
community members were seen in both Marcellus produced water enrichments and coal 
mine discharge sample.  These enrichment culture studies will help build further 
understanding of the microbiota associated with the hypersaline produced water created 
from unconventional gas extraction. 
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 Several aspects of this research could be developed and explored further.  
Exploring the hydrocarbon degradation potential of enrichment cultures would be 
interesting, given the similarity of enrichment microbes to petroleum degrading species.  
The ability to degrade a multitude of hydrocarbons in hypersaline water has many 
bioremediation applications, which could be applied quickly to help remediate produced 
water. Additionally, exploring the enrichments' biofilm growth capacity should be further 
studied to determine the extent to which these microbes are able to precipitate metals in 
hypersaline water; and, biofilm studies could have future bioremediation applications. 
 Determining the microbial community structure of impoundment wastewater from 
the Marcellus Shale play could potentially serve as bioindicators of water quality.  The 
microbial fingerprint of impoundment water could serve as flowback monitoring tool for 
industry or as an ecological indicator of natural gas water pollution in ground or surface 
water if TDS in local waterways begin to increase and/or bacterial communities begin to 
change.  Thus, further exploration of Marcellus produced water samples should be done 
with both culture dependent and independent methods to verify the findings of this thesis 
and build a library of microbial species associated with Marcellus Shale produced water. 
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Appendix A:  Salinity growth test ANOVA results summary 
Concentration 













  0 vs 20  0.4627  No  0.082  No  1.49E‐08  No 
  0 vs 100  0.1135  No  0.043  No  ‐0.001  No 
  0 vs 250  1.554  No  0.006667  No  ‐0.04633  No 
  0 vs 500  2.226  No  0.01433  No  ‐0.01133  No 
  0 vs 750  1.423  No  ‐0.006667  No  0.024  No 
  0 vs 1000  2.366  No  ‐0.09  No  ‐0.06067  No 
  0 vs 1500  2.008  No  ‐0.029  No  ‐0.02933  No 
  0 vs 2000  2.27  No  ‐0.039  No  0.012  No 
  0 vs 2500  0.04365  No  0.03433  No  0.147  Yes 
  0 vs 4000  2.444  No  0.141  No  0.175  Yes 
  20 vs 100  0.3492  No  ‐0.039  No  ‐0.001  No 
  20 vs 250  1.091  No  ‐0.07533  No  ‐0.04633  No 
  20 vs 500  1.763  No  ‐0.06767  No  ‐0.01133  No 
  20 vs 750  0.9602  No  ‐0.08867  No  0.024  No 
  20 vs 1000  1.903  No  ‐0.172  Yes  ‐0.06067  No 
  20 vs 1500  1.545  No  ‐0.111  No  ‐0.02933  No 
  20 vs 2000  1.807  No  ‐0.121  No  0.012  No 
  20 vs 2500  0.419  No  ‐0.04767  No  0.147  Yes 
  20 vs 4000  2.907  No  0.059  No  0.175  Yes 
  100 vs 250  1.44  No  ‐0.03633  No  ‐0.04533  No 
  100 vs 500  2.113  No  ‐0.02867  No  ‐0.01033  No 
  100 vs 750  1.309  No  ‐0.04967  No  0.025  No 
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  100 vs 1000  2.252  No  ‐0.133  No  ‐0.05967  No 
  100 vs 1500  1.894  No  ‐0.072  No  ‐0.02833  No 
  100 vs 2000  2.156  No  ‐0.082  No  0.013  No 
  100 vs 2500  0.06984  No  ‐0.008667  No  0.148  Yes 
  100 vs 4000  2.558  No  0.098  No  0.176  Yes 
  250 vs 500  0.6722  No  0.007667  No  0.035  No 
  250 vs 750  0.1309  No  ‐0.01333  No  0.07033  No 
  250 vs 1000  0.8118  No  ‐0.09667  No  ‐0.01433  No 
  250 vs 1500  0.4539  No  ‐0.03567  No  0.017  No 
  250 vs 2000  0.7158  No  ‐0.04567  No  0.05833  No 
  250 vs 2500  1.51  No  0.02767  No  0.1933  Yes 
  250 vs 4000  3.998  No  0.1343  No  0.2213  Yes 
  500 vs 750  0.8031  No  ‐0.021  No  0.03533  No 
  500 vs 1000  0.1397  No  ‐0.1043  No  ‐0.04933  No 
  500 vs 1500  0.2182  No  ‐0.04333  No  ‐0.018  No 
  500 vs 2000  0.04365  No  ‐0.05333  No  0.02333  No 
  500 vs 2500  2.182  No  0.02  No  0.1583  Yes 
  500 vs 4000  4.67  No  0.1267  No  0.1863  Yes 
  750 vs 1000  0.9428  No  ‐0.08333  No  ‐0.08467  No 
  750 vs 1500  0.5849  No  ‐0.02233  No  ‐0.05333  No 
  750 vs 2000  0.8468  No  ‐0.03233  No  ‐0.012  No 
  750 vs 2500  1.379  No  0.041  No  0.123  Yes 
  750 vs 4000  3.867  No  0.1477  Yes  0.151  Yes 
  1000 vs 1500  0.3579  No  0.061  No  0.03133  No 
  1000 vs 2000  0.09602  No  0.051  No  0.07267  No 
  1000 vs 2500  2.322  No  0.1243  No  0.2077  Yes 
  1000 vs 4000  4.81  No  0.231  Yes  0.2357  Yes 
  1500 vs 2000  0.2619  No  ‐0.01  No  0.04133  No 
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  1500 vs 2500  1.964  No  0.06333  No  0.1763  Yes 
  1500 vs 4000  4.452  No  0.17  Yes  0.2043  Yes 
  2000 vs 2500  2.226  No  0.07333  No  0.135  Yes 
  2000 vs 4000  4.714  No  0.18  Yes  0.163  Yes 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix D: Bates, Fonner and Rock Salt Sequence Data 
 
 
>RS11_534R  
atggtggcgagagtgaaagaatggttctgccatcacttacggatgggcccgcggcgcattagctagttggtagggtaacg 
gcctaccaaggcgacgatgcgtagccgacctgagagggtgatcggccacactgggactgagacacggcccagactcctac 
gggaggcagcagtagggaatcttccgcaatggacgaaagtctgacggagcaacgccgcgtgagcgaggaaggccttcggg 
tcgtaaagctctgtgtagagaagaacaggtgccataggcaatgatggcgctatgacggt 
>RS1_534R  
aaatctgtcgcaccgcatggtgcgagagtgaaagatggttctgccatcacttacggatgggcccgcggcgcattagctag 
ttggtagggtaacggcctaccaaggcgacgatgcgtagccgacctgagagggtgatcggccacactgggactgagacacg 
gcccagactcctacgggaggcagcagtagggaatcttccgcaatggacgaaagtctgacggagcaacgccgcgtgagcga 
ggaaggccttcgggtcgtaaagctctgtgtagagaagaacaggtgccataggcaattgatggcgctatgacggtacctaa 
ccagaaag 
>RS9_534R  
taccggataatctgtcgcaccgccatggtgcgagagtgaaaagaatggttccgccattacttacggatgggcccgcggcg 
cattagctagttggtagggtaacggcctaccaaggcgacgatgcgtagccgacctgagagggtgatcggccacactggga 
ctgagacacggcccagactcctacgggaggcagcagtagggaatcttccgcaatggacgaaagtctgacggagcaacgcc 
gcgtgagcgaggaaggccttcgggtcgtaaagctctgtgttagagaagaacaggtgccataggcaatgatggcgctatga 
cggtacctaaccag 
>RS2_534R  
agttggttggggtaacgggcctaccaaggcgacggatgcgtaggccgacctgaggaggggtgattcggccacactgggga 
ctgagaacacggcccagactcctacgggagggcaggcagtagggaatctccgcaatggacgaaagtctgacggagcaacg 
ccgcgtgagtgaggaaggccttcgggtcgtaaagctctgggttagagaagaagcaggtgccataggcaatggatgggcgc 
tagggagcggtacctaaccgagaaaggccccc 
>FR5_534R  
ggacgggtgagtaatgtctggaaactgcccgatggagggggataactactggaaacggtagctaataccgcataacgtct 
tcggaccaaagtgggggaccttcgggcctcacaccatcggatgtgcccagatgggattagctagtaggtggggtaacggc 
tcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagacacggtccagactcctacgg 
gaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggtt 
gtaaagtacttcagcggggaggaaggcgataaggttaataacctgttgatgacgtacccgcagaagaagcaccc 
>FR14_534R  
gatagagggggataaccactggaaacggtggctaataccgcataacgtcgcaagaccaaagagggggaccttcgggcctc 
tcactatcggatgaacccagatgggattagctagtaggcggggtaacggcccacctaggcgacgatccctagctggtctg 
agaggatgaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtggggaatattgcacaatgg 
gcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtacttcagcggggaggaaggcgat 
aaggttaataacctgtcgatgacgtacccgcagaagaagcaccg 
>FR10_534R  
ggtaacacgtgagtaacctgcccccgactttgggataagcccgggaaactgggtctaataccggatatgacttcttaccg 
catggtgggttgttgaaagatttatcggtgggggatggactcgcggcctatcagcttgttggtgaggtaatggctcacca 
aggcgacgacgggtagccggcctgagagggtgaccggccacactgggactgagacacggcccagactcctacgggaggca 
gcagtggggaatattgcacaatgggcgaaagcctgatgcagcgacgccgcgtgagggatgacggccttcgggtgtaaacc 
tcttcagtagggaagaagcgaaagtgacggtacctgcagaagaagcc 
>FR13_534R  
ggggataactactggaaacggtagctaataccgcataacgtcttcggaccaaagtgggggaccttcgggcctcacaccat 
cggatgtgcccagatgggattagctagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggat 
gaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaag 
cctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtacttcagcggggaggaaggcgataaggtaa 
ttaaccttgtcgattgacgtacccgcagaagaagcaccgg 
>FR8_534R  
ttgagtaacacgtgagtaacctgcccccgactttgggataagcccgggaaactgggtctaataccggatatgacttctta 
ccgcatggtgggttgttgaaagatttatcggtgggggatggactcgcggcctatcagcttgttggtgaggtaatggctca 
ccaaggcgacgacgggtagccggcctgagagggtgaccggccacactgggactgagacacggcccagactcctacgggag 
gcagcagtggggaatattgcacaatgggcgaaagcctgatgcagcgacgccgcgtgagggatgacggccttcgggttgta 
aacctctttcagtagggaagaagcgaaggtgacggtacctgcagaa 
>FR9_534R  
cccgatagaggggataaccacggaaacggtggctaataccgcataacgtcgcaagaccaaagagggggaccttcgggcct 
ctcactatcggatgaacccagatgggattagctagtaggcggggtaacggcccacctaggcgacgatccctagctggtct 
gagaggatgaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtggggaatattgcacaatg 
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ggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtacttcagcggggaggaaggcga 
tgtggtaataaccgcattgattgacgtacccgcagaagaagcaccgg 
>FR11_534R  
tgcccgatggagggggataactactggaaacggtagctaataccgcataacgtcttcggaccaaagtgggggaccttcgg 
gcctcacaccatcggatgaacccagatgggattagctagtaggcggggtaacggcccacctaggcgacgatccctagctg 
gtctgagaggatgaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtggggaatattgcac 
aatgggcgcaagcctggtgcagccatgccgcgtgtatgaagaaggccttcgggtgtaaagtactttcagtggggaggaag 
gcgatggagttaatagctcgtcgatgacgtacccgcagaagaagcacc 
>FR7_534R  
cttgggtgacgagtggcggacgggtgagtaatgtctgggaaactgcccgatggagggggataactactggaaacggtagc 
taataccgcataacgtcttcggaccaaagtgggggaccttcgggcctcacaccatcggatgtgcccagatgggattagct 
agtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagaca 
cggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtat 
gaagaaggccttcgggttgtaaagtactttcagcggggaggaaggcgatgtggtaataac 
>FR6_534R  
gatgggagggggggataactactggaaaccggtagctaataccgcataacgtcttcggaccaaagtgggggaccttcggg 
cctcacaccatcggatgtgcccagatgggattagctagtaggtggggtaacggctcacctaggcgacgatccctagctgg 
tctgagaggatgaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtggggaatattgcaca 
atgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtacttttcagtggggaggaa 
ggcgatggagttaatagcttcgtcgatgacgttacccgcagaagaagcaccggtt 
>FR4_534R  
gcaggcctaacacatgcaagtcggacggtagcacagaggagctgctcctcgggtgacgagtggcggacgggtgagtaatg 
tctggggatctgcccgatagagggggataaccactggaaacggtggctaataccgcataacgtcgcaagaccaaagaggg 
ggaccttcgggcctctcactatcggatgaacccagatgggattagctagtaggcggggtaacggcccacctaggcgacga 
tccctagctggtctgagaggatgaccagccacactggaactgagacacggtccagactcctacgggaggcagcagtgggg 
aatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggccttcgggttgtaaagtacttcagc 
ggggaggaaggcgatgtggtaataac 
>FR12_534R  
gctaataccgcataacgtcgcaagaccaaagagggggaccttcgggcctctcactatcggatgaacccagatgggattag 
ctagtaggcggggtaacggcccacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgaga 
cacggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgt 
atgaagaaggccttcgggttgtaaagtactttcagcggggaggaaggcgataaggtaataaccttgtcgatgacgtaccc 
gcagaagaagcaccc 
>BR12_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccttgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggtgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcatgacgtacccgcag 
aagaag 
>BR7_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggtgtaaagtacttcagcggggaggaagggatgagggtaataaccttcgtcatgacgtacccgca 
gaagaagcaa 
>BR2_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccttgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggttgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcatgacgtacccgca 
gaa 
>BR8_534R  
gagtttgatccctggcttcagattgaacgctgggcggcaggcctaacacatgcaagtcgaacggtagcacagggggagct 
tgctctccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatgggagggggataactactggaaaa 
cggtagctaataccgcataacgttgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatggg 
attagctagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaac 
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tgagacacggtccagactcctacgggaggcagcagtggggaatatgcacaatgggcgcaagcctgatgcagccatgccgc 
gtgtaagaagaaggccttcgggtgtaaagtactttcagcggggaggagaaacggtgaagttaatagcttcaccgatgacg 
tacccgc 
>BR15_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggttgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcattgacgttacccc 
gcagaagaagcaccg 
>BR9_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggttgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcatgacgtacccgca 
gaagaaagcaccc 
>BR4_534r  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagac 
acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggttgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcatgacgtacccgca 
gaagaagcaccc 
>BR6_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacagagagcttgctc 
tcgggtgacgagtggcggacgggtgagtaatgtctgggaaactgcccgatggagggggataactactggaaacggtagct 
aataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgtgcccagatgggattagcta 
gtaggtggggtaacggctcacctaggcgacgatccctagctggtccgagaggatgaccagccacactggagctgagacac 
ggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatg 
aagaaggccttcgggttgtaaagtactttcagcggggaggaaggg 
>BR14_534R  
tcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcggacggtagcacagaggagcttgctccccgggt 
gacgagtggcggacgggtgagtaatgtctggggatctgcccgatagagggggataaccactggaaacggtggctaatacc 
gcataacgtcgcaagaccaaagagggggaccttcgggcctctcactatcggatgaacccagatgggattagctagtaggc 
ggggtaacggcccacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagacacggtcca 
gactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaag 
gccttcgggttgtaaagtacttcagcggggaggaaggcgatgtggtaataaccgcgtcgatgacgtacccgcagaagaag 
caccc 
>BR16_534R  
ggctcagattgaacgctggcggcaggcctaacacatgcaagtcggacggtagcacagaggagcttgctcctcgggtgacg 
agtggcggacgggtgagtaatgtctggggatctgcccgatagagggggataaccactggaaacggtggctaataccgcat 
aacgtcgcaagaccaaagagggggaccttcgggcctctcactatcggatgaacccagatgggattagctagtaggcgggg 
taacggcccacctaggcgacgatccctagctggtctgagaggatggccagccacactggaactgagacacggtccagact 
cctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggcct 
tcgggttgtaaagtacttcagcggggaggaaggcgatgtggtaataaccgcgtcgattgacgtacccgcagaagaagcac 
cc 
>BR13_534R  
tggctcagatgaacgctggcggcaggcctaacacatgcaagtcggacggtagcacagaggagcttgctcctcgggtgacg 
agtggcggacgggtgagtaatgtctggggatctgcccgatagagggggataaccactggaaacggtggctaataccgcat 
aacgtcgcaagaccaaagagggggaccttcgggcctctcactatcggatgaacccagatgggattagctagtaggcgggg 
taacggcccacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagacacggtccagact 
cctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtatgaagaaggcct 
tcgggttgtaaagtacttcagcggggaggaaggcgatgtggtaataaccgcattatgacgtaccccgcagaagaagc 
>BR11_534R  
gagtttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggagcttgct 
ccctgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtag 
ctaataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagc 
tagtaggtggggtaacggctcacctaggcgacgacccctagctggtctgagaggatgaccagccacactggaactgagac 
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acggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgta 
tgaagaaggccttcgggtgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcatgacgtacccgcag 
aagaagcac 
>BR5_534R  
gagttgatcctggctcagattgaacgctggcggcaggcctaacacatgcaagtcgaacggtagcacaggggggcttgctc 
cccgggtgacgagtggcggacgggtgagtaatgtctggggatctgcccgatggagggggataactactggaaacggtagc 
taataccgcataacgtcgcaagaccaaagtgggggaccttcgggcctcacaccatcggatgaacccagatgggattagct 
agtaggtggggtaacggctcacctaggcgacgatccctagctggtctgagaggatgaccagccacactggaactgagaca 
cggtccagactcctacgggaggcagcagtggggaatattgcacaatgggcgcaagcctgatgcagccatgccgcgtgtat 
gaagaaggccttcgggttgtaaagtacttcagcggggaggaagggatgagggtaataacctcgtcattgacgtacccgcc 
agaaagaagcacc 
 
 
 
 
